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ABSTRACT 
Reducing C02 emissions for addressing climate change concerns is becoming increasingly important as 
the C02 concentration in the atmosphere has increased rapidly since the industrial revolution. Many 
mitigation methods, including C02 sequestration and novel C02 utilization, are currently-under 
investigation. Most of these processes require C02 in a concentrated form. However the C02 from large 
sources such as fossil fueled power plants is mixed with nitrogen, water vapor, oxygen, and other 
impurities. A typical C02 concentration from coal fired power plants is around 15 %, while C02 
concentrations for natural gas fired plants are less than I O  %. Therefore, capturing C02 from flue gas is 
an important common link for many mitigation methods. 

The current commercial operations for capturing COz from flue gas use a chemical absorption method 
with Monoethanol Amine (MEA) as the sorbent. The method is expensive and energy intensive. The 
cost of capturing a ton of C02 including removing impurities and compressing C02 to supercritical 
pressure using existing MEA technology would be in the order of $40, and the power output would be 
significantly reduced by the energy consumption in capturing and compressing C02. The high capture 
cost and energy consumption would be a major barrier for implementing C02 mitigation methods. 
Alternative technologies may offer improvement. This paper reviews several separation technologies 
applicable to caphue C& from flue gas, and discusses improvement opportunities and research needs. 

MTRODUCTION 
Concern over the increased concentration of C02 in the atmosphere and its effect on global 
climate change has increased the awareness and investigation for reducing COz emissions. Most 
of the methods for mitigation require C02 in a concentrated form, while the C02 from fossil 
fueled power plants is mixed with nitrogen, water vapor, oxygen, and other impurities and bas 
low concentrations (15 % for coal fired power plants, and less than 10 % for natural gas fired 
plants). Therefore, capturing COz from flue gas is an important common link. 

The current commercial operations for capturing C02 fiom flue gas use a chemical absorption 
method with Monoethanol Amine (MEA) as the sorbent. The method is expensive and energy 
intensive. An estimate by Pergman et a1 [l] using data fiom an Af3BLummus Crest brochure 
[2] indicated the cost of capturing a ton of COz including removing impurities and compressing 
C02 to a supercritical pressure would be in the order of $40. While compression is an energy 
intensive and expensive component, the capture part of MEA method actually uses more energy 
and costs more than compression. The high capture cost is a major barrier for implementing near 
term carbon sequestration methods such as injecting C02 for enhanced oil recovery [l]. 

The other major shortcoming of the current technology is its high-energy consumption. The 
amine based method uses a large amount of low-pressure steam for sorbent regeneration, and the 
total power output is significantly reduced. It could lead to ' 20% reduction in electricity 
production for a PC plant (107MW/S54MW) as a study by Booras and Smelser indicated [3]. 

Following is a preliminary analysis of several separation technologies applicable to C02 capture, 
new power generation configurations that may simplify C02 capture, as well as a discussion of 
some improvement opportunities 

GAS SEPARATION METHODS APPLICABLE FOR C02 CAPTURE 
Capturing COz from the flue gas is essentially a gas separation process. Several separation 
methods, including Chemical Absorption, Physical Absorption, Physical Adsorption, Membrane 
Technologies, and Cryogenic Separation, can achieve such a goal. The judging criteria are 
capture effectiveness, process economy, energy consumption, and other technical and 
operational issues. Other measures such as modifying of power generation configurations by 
using OdCOz Combustion mode and oxygen blown Gasification Combined Circle, could alter 
the flue gas composition and pressure that could help the C02 capture. Such strategy has some 
benefit but also raises new technical challenges. 
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Chemical Absomtion 
Chemical Absorption with MEA as the sorbent is currently used for separating CO2 from flue 
gas Eq.11. This method was originally used for removing C02 from other gases such as 
methane, hydrogen, etc. Chemical absorption uses the different reactivities of various gases with 
sorbents to separate them. The reactions need be reversible so that the spent sorbent can be 
regenerated. For separating C02 fiom flue gas, chemical absorption appears appropriate because 
C02 is acidic and the majority of the rest of flue gas, nitrogen, is not. C02 can be absorbed by 
many basic sorbents including alkali carbonate, aqueous ammonia, and alkanolamines. The 
attention needs to be paid is how the sorbents can be regenerated. The binding between sorbent 
molecules and C02 generally is strong and this offers a fast and effective removal of most of 
CO2 in one stage of absorption. However, the strong binding between C02 and the sorbent 
molecules is also one of the causes for high regeneration energy requirement. Second concern is 
the control of impurities and miner components in the flue gas including SOz, oxygen, etc. that 
may degrade the sorbents. These components have to be removed before the gas enters the 
absorber, or treated with appropriate measures. Lastly, because many sorbents are corrosive, only 
diluted solutions (around 18% for MEA) are used. 

where R is the Monoethanol group. A schematic flow diagram is given at Figure 1. 
In addition to the regenerator, a reclaiming operation is conducted periodically to recover amine 
by decomposing heat stable salts and to dispose of degradation products. 

COz+ 2 R N H z = M C O O - +  RNH: (1) 
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Figure 1. C02 Recovery Process Schematic Diagram [Rei? 21 

Phvsical Absomtion 
In physical absorption, the gas C02 molecules are dissolved in a liquid solvent, and no chemical 
reaction takes place. The binding between the C02 molecules and solvent molecules, being 
either Van der Waals type or electrostatic, is weaker than that of chemical bonds in chemi- 
absorption. The amount of gas absorbed is linearly proportional to its partial pressure (Henry’s 
law). Figure 2 gives the C02 gas loading in several sorbents vs. C02 partial pressure. The curves 
show linear relations between the partial pressure and C02 loading for physical sorbents, and 
nonlinear relations for chemical sorbents. Thus the physical absorption is more effective when 
the partial pressure of the gas to be absorbed is high. The amount of gas absorbed also depends 
on the temperature. The lower the temperature, and more gas is absorbed (see methanol curves at 
different temperatures in Figure 2). Typical sorbents for C02 are methanol, N-methyl-2- 
pyrrolidone, polyethylene, glycol dimethyl ether, propylene carbonate and sulfolane [6] .  

The desorption can be achieved either by lowering pressure as in the pressure swing absorption 
(PSA), or raising the temperature as in the temperature swing absorption (TSA). Physical 
absorption has been used in gas production processes [ 5 ]  to separate COz fiom hydrogen and 
CO. These processes include: Rectisol that uses methanol as solvent, Selexol that uses dimethyl 
ether of polyethylene glycol (DMPEG), Sepasolv that uses n-oligoethylene glycol methyl 
isopropyl ethers WE), Purisol that uses N-methyl-2-pyrrolidone o\TMp), and Gaselan that uses 
N-methylcaprolactam (NMC). 
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Figure 2. Equilibrium Curves of COz in Various Solvents [Ref. 51 
Physical Absorption: a) H20 (30 "C); b) N-methyl-2-pyrrolidone (1 IO "C); c) Methanol (-15 "C); d) 
Methanol (-30 "C); Chemical Absorption: e) Hot potassium carbonate solution (1 10 "C); f )  Sulfinol 
solution (50 "C); g) 2.5 molar diethanolamine solution (50 "C); h) 3 molarAmiso1 DETA solution. 

-n 
In physical adsorption, gas is adsorbed on the solid surface by a Van der Waals force. Most 
important adsorbents are activated carbon, zeolite, silica gel, and aluminum oxide [4]. The 
separation is based on the difference in gas molecule sizes (Steric Effect), or different binding 
forces between gas species and the adsorbent (Equilibrium Effect or Kinetic Effect)[4]. Like 
physical absorption, two types of processes: Pressure Swing Adsorption and Temperature Swing 
Adsorption are used. Because the gas molecules are attached on the solid surface and form 
mono or multi-layers in physical adsorption, the gas loading capacity could be lower than in 
physical absorption, even though many adsorbents have large surface area per unit volume. 
Because of the large volume of COz in the flue gas, it appears physical adsorption might not be 
an effective and economical solution for separating COz from flue gas. The other limit in using 
physical adsorption for this purpose is the low gas selectivity of available sorbents [6]. However 
in combining with other capture methods, physical adsorption may become attractive. Such 
applications include membrane technologies. 

Membrane Technologies 
Many membranes are made with similar materials used for physical adsorbents, because the 
physical quality, such as porous structure and selective gas affinity, are also usehl for making 
membranes. Membranes are microscopic sieves. Under an applied pressure some molecules 
will pass through the micropores in membranes, and some molecules will be stopped. 

The driving forces for gas separation using membranes are generally hydrostatic pressure and 
concentration gradient. There has been some work done in electrically driven separation of 
gases via ion conduction. Two types of membrane technologies can be used for separating COz 
from other gases: gas separation membranes andgas absorption membranes. In using gas 
separation membranes a hydrostatic pressure is applied and the difference in permeability of gas 
species leads to separation of these gases. Although using separation membranes to separate 
CO? from light hydrocarbons has met with considerable success in the petroleum, natural gas and 
chemical industries, this technology may not be preferable to separate COz from flue gas because 
of the large volume of the flue gas and the compression energy requirement. A study shows that 
a good separation using a two-stage system would cost twice much of the conventional amine 
separation processes [6]. 

In using gas absorption membranes, a liquid sorbent is used to carry away COt molecules that 
diffise through the membranes, and no high hydrostatic pressure is required. In this technology, 
the membranes serve as an interface between the feed gas and liquid sorbent. The membranes 
can be made in the forms of parallel hollow fibers, and feed gas and sorbent are moving on the 
opposite sides of the fibers. This configuration provides significantly greater liquid-gas contact 
area than packed absorbers, and can reduce the size, and possibly the cost of the absorber. 
Additional benefits include the independent control of gas and liquid flows, and minimization of 
flooding, channeling, or foaming of liquid sorbent in the absorber [6]. This configuration was 
under investigation by Norwegian researchers as a choice for offshore operation where the space 
and weight of the absorber are important factors. Considerable research is still required to 
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address issues such as how to deal with possible clogging of hollow fibers by fine particles in the 
flue gas. 

Cryogenic Seoaration 
Cryogenic separation of gas mixtures uses the difference in boiling points of various gas species 
to separate them. Because all gas species have a distinctive boiling temperature, the cryogenic 
method 
3 1.6 OC and -56.8 "C respectively. Between these temperatures, COz can be liquefied by 
compression and cooling. The major disadvantage of cryogenic method is the high-energy 
consumption and costs associated with gas compression and cooling. For COZ sequestration, 
liquid COz is required in many cases, and the work spent on liquefying COz is not wasted. 
However, since the concentration of COz in flue gas is about 15 % or less, the energy used to 
compress the rest 85% of flue gas is substantial. A simple calculation for the energy requirement 
for liquefying COz by isothermally compressing the flue gas near the critical temperature to 74 
bar would spend about 30% total power output in compressing 85% of the remaining gases, and 
this is about 50% more than MEA process. Methods to recover that amount of compression 
energy spent on 85% gas components could lower total energy consumption. Generally 
speaking, unless novel process schemes can be developed, cryogenic separation is an energy 
intensive operation. 

New Confirmrations 
Reduction of capture cost may be achieved in new power plants by designs that integrate COZ 
capture with power generation. In oxygedCOz combustion mode, the flue gas would consist of 
mostly COz, and its capture is simplified. The oxygen production is also expensive and energy 
intensive, but the benefits from oxygen combustion including better thermal efficiency, reduction 
in the volume of flue gas and heat loss, and simplification or elimination ofNO, control [6] can 
partially offset the costs. A more advanced configuration can be an oxygen-blown coal 
gasification combined cycle plant. In order to achieve more than 90% removal of COZ that would 
be emitted from the gas turbine by combusting the syngas, shift reactors are included to turn CO 
and water vapor to COZ and Hz. In this configuration, COz needs to be separated from Hz. 
Because the gasifier operates at an elevated pressure, a physical separation, such as Selexol can 
be used. As no steam will be required to regenerate the sorbent, and no additional compression 
is required for the absorption process, the energy consumption for COz capture is small. Booras 
and Smelser [3] indicated the energy consumption for 90% COZ removal together with 
compressing the captured COZ to a supercritical pressure would reduce power production by 
about 12 %, and the majority of it is spent on compressing captured COZ to the supercritical 
pressure. 

Because the existing oxygen production is energy intensive and will also generate a large amount 
COz, efforts should be dedicated to the reduction of energy consumption in oxygen production 
such as developing oxygen separating membranes. 

As the vast majority of fossil power plants will not retire for many years, developing effectively 
COz capture technologies applicable for existing plants is an urgent task. For those plants, 
because ojthe large volume ofjlue gas and the Impartial CO2pressure, chemical absorption 
appears to be a rational choice, as compared with other method. Productive approaches in the 
near term would be tapping the potentials for improving the chemical absorption, incorporating 
new membrane technologies, and encouraging innovative ideas. 

DISCUSSION - IMPROVEMENT OPPORTkTIES IN CHEMICAL, ABSORPTION 
A major limitation of using MEA as a sorbent is its high heat of absorption with COz (72 
KJ/mole [8], equivalent to 18% ofthe combustion heat of carbon (393.5 IU/mole)). Second, the 
concentration of MEA is used at 15 - 20%; this means energy has to be applied to heat the 
solution in the stripper and to evaporate some water. The total regeneration energy required is 
about 900 kcaVkg COz [9] or 165 KUmole COz, equivalent to 42% heat from burning a mole of 
carbon, and 25% of the total combustion energy generated by burning coal. Although the 
stripper uses a low grade steam and some heat it contains was not used for generating power 
anyhow, it still causes 20% reduction of power generation for a PC power plant. Several aspects 
should be explored to improve this process. 

provide effective gas separation. The critical temperature and txiple point of COz are 

Search for new sorbents 
New sorbents that have high COz loading capacity and lower heat of absorption should be 
studied. Some amines are less corrosive and can be used at a higher concentration. For example 



Diglycol amine (DGA) can be used at 40% concentration thus has twice as much COz loading 
capacity as MEA (currently used at 18%). A search should be directed to amines that have a 
lower heat of regeneration. Several sterically hindered amines have been examined and it is 
found that some hindered amines can reduce the heat of regeneration by 20 % [9]. Sterically 
hindered amines use geometrical effect to weaken the binding between the C02 and amine 
molecules. An alternative approach is to search for amines that have weaker chemical bindings 
with COz molecules. Other non-amine sorbents and mixture of sorbents should also be evaluated, 

Increase loading of sorbent 
Increasing the amine concentration could reduce the amount of sorbent solution and the 
requirement of regeneration heat. Ref [ 101 indicated that regeneration energy requirement of a 
50% MEA solution will be 40% lower than a 30% MEA solution. Additional benefits of using 
higher sorbent loading include reduced sorbent circulation, the size of reactors, and associated 
costs. Using higher series amines together with increasing the sorbent concentration may offer 
even better benefits. Regeneration energy requirements for a SO% MDEA 
(Methyldiethanolamine) solution would be 50 % less than those of a 30% MEA solution [IO]. 
Current commercial restrictions on using higher MEA concentrations are related to excessive 
corrosion and solvent chemistry [IO]. Assessment of the material requirements, performance of 
concentrated solutions, overall improvement in energy consumption, and costs need to be 
conducted. 

-ct 
Better gas-tiquid contact can reduce the size of absorber and costs, improve practical COZ 
loading, and reduce the sorbent circulation and regeneration energy requirement. This becomes 
more important for new sorbents that have lower reaction rate constants along with their lower 
regeneration energy requirements. A study indicated that structured packing in an absorber can 
provide a much higher overall mass transfer coefficient than the currently used random packing 
[ 111. Using the membrane technology can reduce absorber size because membranes provide 
large contact surface between the gas and liquid. A study indicated that an absorber using 
membrane technology can reduce its size by 72% and its weight by 66% compared with a 
conventional absorption column [12]. 

SOME CURRENT EFFORTS IN THE US AND OTHER COUNTRIES 
Because COZ capture is critical for COZ sequestration, many countries are actively engaged in 
research in this area. Japanese researchers are testing various sorbents and have reported 
sterically hindered amines that save 20% in regeneration energy. Japan is also studying 
membrane materials to separate COZ from Nz [13]. It has also reported a Cardo polyamide that 
has a higher selective permeability for COZ M2, and hollow fiber membranes 
polyamide were tested. In addition, a pilot plant with capacity of 1000 m3N/h 
up [7]. Canadian scientists at the University of Regina in Saskatchewan built a 1.77111 high 
absorption column, and tested new sorbents and absorber packings [I I]. The Norwegian efforts 
include increasing amine loading, testing new chemical sorbents, using hollow fiber membranes 
to reduce the size of absorber, modifyii  reactor designs for reducing corrosion, and reducing 
sorbent degradation [12]. In the Netherlands, hollow fiber membrane absorber and new sorbents 
were studied for capturing COZ for feeding a greenhouse [14]. 

The United States built the first commercial plant capturing COZ ftom flue gas using MEA for 
industrial application in Trona, California. Another facility in Poteau, Oklahoma used the 
similar technology to produce chemical grade and food grade COZ ftom flue gas. The National 
Energy Technology Laboratory (NE=) has initiated a study to improve the MEA-based 
absorption method. Current efforts include testing hindered amines and improving gas-liquid 
contact in the absorber. NETL has also supported studies of innovative approaches for capturing 
COz including “COz Capture from Industrial Process Gases by High-Temperature Pressure 
Swing Adsorption” by Air Products, “A Novel COz Separation Systems” by TDA Research Inc., 
“Oxygen Enriched Combustion” By CANMET, and “C02 Separation using Thermally 
Optimized Membranes” by a team led by Los Alamos National Laboratory. 

SUMMARY 
Recoanizing imorovement Dotentid 
Present operations for separating COz from flue gas are used for commercial C02 production in 
which the e02 can be utilized for producing a revenue (carbonation of Liquids, enhanced oil 
recovery, etc.). The new demand from climate change concerns would stimulate research efforts 
to examine new opportunities. Capturing COZ for climate change also offers more flexibility 
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than industrial separation because high CO1 capture and purity may not be necessarily required. 
Technologies not suited for industrial applications can still serve as a candidate for climate 
change concerns if the costs and energy consumption are favorable. 

horoved chemical absorptions 
A high priority is the ne; term would be tapping improvement potentials in chemical absorption 
to reduce the energy requirement. Significant reduction in cost and energy consumption could 
be achieved by studying new sorbents, increasing loading, improve gadliquid contact, etc. 

Phvsical absomtion can be incomorated in advanced IGCC plants 
Physical absorption can be effective when the partial gas pressure is high and the temperature is 
low. In integrating C02 capture in the power or he1 generation cycles, physical absorption will 
be a good choice. Examples include the 02-blown pressurized gasifier and combined cycles. 

Collaboration with Industry 
Capturing CO2 for climate change poses a new challenge for the gas separation industry, and 
provides new incentives and opportunities. The progress made in improving COZ capture in turn 
will benefit other gas separations. There could be many potential collaborations between DOE 
sponsored research and industrial interests that would speed up the progress in developing 
advanced COZ capture technologies. 
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ABSTRACT 

Carbon dioxide, a major greenhouse gas, may need to be removed from tlue gas produced by 
combustion of fossil fuels in order to manage future climate changes. Although conventional wet 
scrubbing techniques exist for removal of carbon dioxide from gas streams, the wet scrubbing 
techmques must improve to process large volumes of flue gas at acceptable thermal efficiencies and 
minimal costs. Amine scrubbing is one such techmque to remove CO,. In order to make the process 
more efficient, two areas of improvement were investigated: gas-liquid contacting area and the type 
of reactant. Pertaining to the former, various absorption tests with conventional packing material 
and structured packings were conducted with mono-ethanolamine (MEA), a traditional solvent, as 
well as with novel amines. Significant improvements in CO, removal were obtained with the 
structured packing. With respect to the amhe investigation, a key to improved efficiency is the ease 
of regeneration of the C0,-loaded solvent. Testing with a sterically hindered amine, 2-amino-2- 
methyl-1-propanol, revealed that, although absorption was somewhat less as compared to MEA, 
thermal regeneration was far easier. The impact of various process parameters on the absorption and 
desorption steps will also be discussed. . 

INTRODUCTION 

Chemical solvent absorption is based on reactions between CO, and one or more basic absorbents 
such as aqueous solutions of mono-, di-, or tri-ethanolamine. An advantageous characteristic of 
absorption is that it can be reversed by sending the C0,-rich absorbent to a desorber (or stripper) 
where the temperature is raised. In the case of physical absorption, CO, is absorbed under pressure, 
and the gas desorption can be achieved at reduced pressure. The regenerated absorbent is then 
returned to the absorber thereby creating a continuous recycling process. The disadvantages of 
chemical absorption processes include their limited loadings and high energy requirements resulting 
from the reaction stoichiometry and the heats of absorption, respectively. There are also problems 
of corrosion and degradation. Physical solvents include methanol, polyethylene glycol, dimethylether, 
and others. 

All currently available C02 separation processes are energy intensive. In ranking energy penalty of 
the processes, combustion with pure oxygen is the least energy intensive (about 30% energy penalty), 
and is followed by chemical solvent absorption processes (about 35% energy penalty) [2]. Also it 
has been concluded that even the current most efficient technology will reduce energy efficiency of 
utility steam plants by about 30% and will increase the price of electricity by 80%. even before 
disposal costs are added. These results are consistent with an EPRI study on CO, capture and 
disposal [3]. Combustion with pure oxygen requires redesign of the entire combustion and boiler 
system, and therefore, can not be retrofitted. The chemical solvent absorption process for CO, 
capture can be retrofitted in existing boiler systems and provides a rationale to pursue near-term 
evolutionary capture techniques. Emerging and future electricity generation technologies and novel 
CO, capturing methods have the potential to significantly reduce electricity costs if the control of CO, 
emissions is mandated. 

EXPERIMENTAL 

Absomlion 

Figure 1 shows a typical Quid chemical absorption process for CO, capture. The flowsheet 
represents a continuous absorptionhegeneration cycling process. CO, is captured in the absorber at 
approximately 38 "C and is released from the regenerator at approximatelyl21 "C at a much higher 
concentration. 

In our investigation, the experimental apparatus consists of a packed-column absorber to promote 
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gas-liquid contact and reaction in a counter-current flow pattern. Figure 2 shows the schematic 
diagram of the packed column absorber. The glass absorber is 7.7-cm ID and packing height varied 
from 18-to 71-crn during this series of tests. It has an exterior jacket with hot water flowing in this 
Outer jacket for absorber temperature control. The heat-jacketed section is 82.6-cm high. CO, 
absorbent enters from the top of the absorber through a spray nozzle to ensure good initial liquid 
distribution to the packing material. The spray nozzle, which delivers fine mists, is placed 1 inch 
above the packing. The liquid is electrically preheated to the reactor control temperature in the 
Stahless steel inlet line. The baseline absorber temperature is normally set at 38 OC during CO, 
absorption. Liquid flow rate is controlled by a MicroMotion mass flowmeter. Flow rate data are 
continuously stored in a computer at a predetermined time interval. 

simulated flue gas enters from the bottom of the absorber. Gas flow rate is controlled by a mass flow 
meter controller manufactured by Tylan General Gas flow rate data are also stored in computer fdes. 
The baseline gas composition is 15% C02 and 85% Np Sulfur oxides, hydrogen chloride, nitrogen 
Oxides, and oxygen are not included in the simulated flue gas to avoid possible interferences with the 
test objectives for this series of experiments. These acid gases are known to cause degradation of 
the solvents. Coal-fued flue gas nominally consists of 15% CO, on a dry basis when the combustion 
takes place with 20% excess air. 

i 

1 '  

I 

t 

The initial objectives of the experiments are: (1) to obtain first-hand data on the effect of structured 
packing versus traditional random (or dumped) packing on the C02 capture rate; (2) to obtain CO, 
capture rate data by monoethanolamine (MEA) and by a sterically hindered amine; and (3) to 
compare CO, stripping ram between CO, - rich MEA and CO, - rich sterically hindered amine. The 
sterically hindered amine used during this test series was 2-amino-2-~thyl-l-propanol (AMP). AMP 
is a tertiary amine which reacts with CO, at a slower rate than MEA. Though AMP reacts with CO, 
at a slower rate, less energy is required to drive out CO, from its CO, - rich solution [l]. There is 
a wide sevtion of stericaUy hindered amines. Recently, in Japan, Kansei Electric Power Company, 
inconjunction with Mitsubishi Heavy Industries Limited, has developed a sterically hindered amine 
specifically for CO, recovery from flue gas 141. TNO, in the Netherlands, also is developing liquid 
absorbents for flue gas applications [5]. However, the identities of those absorbents were not 
disclosed. 

The basic reaction chemistry for monoethanolamine and CO, is represented by the following 
reversible reaction: 

HOT 

COLD 
2 RNH, + CO, 4 RNHCOO + RNHJ+ [R = CH20H] 

This is an exothermic reaction and 72 KJ of thermal energy is released per mole of CO, absorbed in 
MEA solution Ahsorption usually takes place at 38 "C. During regeneration, more thermal energy 
(about 165 KJ/mole CO, ) is added to the solution to release the CQ , because a large amount of 
water in the 20% by weight aqueous solution must be heated to regeneration temperature. 
Regeneration usually takes place at 121 "C. It has been estimated that up to 80% of total cost in the 
CO, absorptionkegeneration cycle is due to the regeneration procedure. 

Three types of column packings are compared for their CO, absorption rates at identical test 
conditions: Intalox saddle (ceramic, random packing), 1.9-cm and the smallest available from the 
supplier (Norton Chemical Process Products); Flexipac structured packing supplied by Koch 
Engineering Company; and BX Gauze structured packing also supplied by Koch Engineering 
Company. Structured packjng provides more gas-liquid contact surface area per unit packed volume 
than random packings. Thus the overall C0,capturing capacity and rate by the liquid absorbent is 
increased. The packing height ranged approximately 18 cm to 71 cm during this series of tests. 

Inlet nitrogen flow, inlet CO, concentration (~01%). and outlet CO, concentration (~01%) are used 
to calculate instantaneous absorption rates every 10 seconds during an absorption test. The nitrogen 
flow is measured by a mass flow controller. The inlet and outlet CO, concentrations are measured 
by an Horiba infrared gas analyzer, which is calibrated immediately before the test. The inlet CO, 
flow rate is calculated using the following equation: 

G, = [(F x DMYU - YJIY, (1) 

where 
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G, = CO, inlet flow rate, Ib-mol/hr 
F = nitrogen gas flow rate, ft’h 
D = density of nitrogen, Ib/ft’. at standard conditions 
M = molecular weight of nitrogen 
yi = CO, mole fraction at inlet of absorber, vol% 

The inlet C02 concentration, y;, is averaged for the 20 data points (232 s) recorded immediately 
before solvent flow is initiated and is assumed constant throughout the test duration. The C0,inlet 
flowrate is controlled by a mass flow controller. The calculated flow rate, G,, is used in the 
ahsorption calculation for data accuracy purposes. Since nitrogen gas is inert in the absorber, the 
outlet CO, flowrate is calculated using the nitrogen flow rate and outlet CO, concentration using the 
following equation: 

Go = [(F x D W K 1  - YJlY.  (2) 

where 
Go = CO, outlet flow rate, I b - m o b  
yo = CO, mole fraction at outlet of absorber, vol% 

The CO, absorption rate is the difference between the inlet and outlet C q  flow rates. Total CQ 
absorbed in the absorber can be obtained by integrating the instantaneous rates over a selected time 
period. Efficiency of CO, absorption is defmed as [(y, - yJyJ x 100% at steady state. 

U n e r a t i o n  

The CO, - rich liquid chemical absorbent can be regenerated by heating. CO, evolves from the rich 
liquid absyrbent during the heating. This regenerated liquid absorbent is CO, - lean and recirculated 
to the absorber for reuse. The regeneration temperature is usually set at 121 “C under slightly 
elevated pressure in the carbon dioxide industry. In our investigation, the uniyueness of the 
laboratory regenerator is that the absorber was used as the regenerator during the regeneration phase 
of the absorption/regeneration Cycle. The only difference is that higher temperature is maintained in 
the packed column in order to drive away CO, from the rich amine solution. The structured packing 
accelerates the CO, release from the CQ - rich amine solution. The CQ - rich solution, which is 
sprayed into the reactor, is trickling in a thin f b  down the extensive surface area provided by ihe 
packing. No purge gas is required during the regeneration; the recovered CO, is pure after 
condensing out the vapor. A bag meter is used to measure the total mass of CO, evolving from a 
known amount of CO, - rich amine solution; the time at every 2830 cm’ (0. I ft’) advance at the bag 
meter is manually recorded. 

RESULTS AND DISCUSSIONS 

Effects of absorbent (MEA) flow rate and packing type on CO, absorption efficiencies are compared. 
The test results are shown in Table 1. Higher absorbent flow rate increases CO, absorption efficiency 
as expected. Absorbent utilization is defined as efficiency divided by the stoichiometric ratio. Since 
it takes 2 moles of MEA to react with one mole of CO,, the stoichiometric ratio for MEA is equal 
to the mole ratio divided by 2. 

Three types of packings were studied for their effectiveness in CO, absorption: BX gauze, Flexipac, 
and random saddle (ceramic) packings. BX gauze and Flexipac structured packings are the products 
of Koch Engineering Company. At an absorbent to CO, mole ratio of 1.4, BX gauze improves 
packed column absorber efficiency by about 50% over the use of random saddle packing. Flexipac 
minimally improved efficiency over random saddle packing. 

Table 2 shows that the sterically hindered amine, AMP, attained near equal CO, absorption rate using 
structured packing as compared to random saddle packing for MEA processing. In these tests, 29.2 
W% of AMP solution is used while only 20 wt% of MEA solution is used, because the molecular 
weight of AMP is larger than MEA. Thus equal mole concentration is maintained for both MEA and 
AMP in the absorbent solution, respectively. Flexipac structured packing did not significantly 
improve the CO, absorption rates. 

l k a u 2 u x w  

652 



, 

Mole ratio 

To compare CO, regeneration rate between MEA and AMP, C0,-saturated MEA and AMP SoluUOns 
are Prepared. The packed absorber, used as the regenerator, is only heated to 93 "C, since in the 
Present reactor setup, this is the highest temperature that can be safely maintained to prevent the 
water or Whtion from boiling. CO, - saturated AMP or MEA solution is sprayed on the top of the 
Packing, while the CO, releasing rate is recorded with the aid of a bagmeter. The data in Table 3 
show that c02 releasing rate from AMP solution is about 80% faster than from MEA solution. No 
Purge gas is used, The packed column has not been optimized, and a taller packed column is 
expected to improve the operation. 

CONCLUSIONS 

Investigations of amine-based scrubbing for CO, capture were performed to elucidate ways to 
improve thn chemical absorption process. Increasing the gas-liquid contacting area has a major 
impact on scrubbing. Absorption tests revealed that for a particular amine, structured packing 
improves the absorber efficiency and absorption rate as compared to the more traditional random 
packing. The type of amine is also a consideration. At the same bed geometry, the conventional 
MEA performed much better during absorption studies than the sterically hindered amine, AMP. 
However, in the regeneration step, the CO, releasing rate from the saturated AMP solution is over 
80% greater than from saturated MEA solution. By extracting information from the above results, 
it can be speculated that if the more easily-regenerable AMP is substituted for MEA, an overall 
process benefit will be obtained ifa structured packing is used as compared to the random packing. 
Other techniques to improve the amine-based scrubbing will be investigated in the future. 

DISCLAIMER 

Efficiency, % Packinrr Utilization. % 

1.4 

1.4 

BX gauze 

BX gauze 

62.2 BX gauze 88.8 

2.2 91.2 BX gauze 88.4 

~~ 

41.4 Flexipac 59.1 

40.1 random saddle 51.3 

I 2.3 I 98.9 I BXeauze I 86.0 I 
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CO, Absorption Rate, kg-molls x lo6 

2.65 

Absorbent Packing 

MEA BX gauze 

1.78 

1.88 

1.23 

TABLE 3 

(20 wt%) 

CO, regeneration 0.56 1.03 1.83 
rate, kg-molls x lo6 

~ 

MEA Random Saddle 

AMP BX gauze 

AMP FlexiDac 

~ 

Regeneration temp "C 93 93 NIA 

CO, saturated 10.7 10.7 NA 
absorbent flow, I b h  

Structured packing ht: 53 cm (BX gauze) 

1.15 
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ABSTRACT 

In this paper, we report on our solid amine sorbent (HSC') previously developed and used 
for space life support applications, which may also be of interest for CO, removal in 
greenhouse gas control and other industrial processes. Adsorption capacities of the 
material for CO, pick up were determined, and long term test data show excellent 
performance. In addition, we have determined the heat of adsorption associated with CO, 
pickup by HSC' and the effect of moisture, using isothermal flow calorimetry. We have 
also performed thermal gravimetric analyses on the materials to gain insight into the 
stability of the material and determine the temperatures at which CO, and constituents of 
HSC' desorb from the surface. 

INTRODUCTION 

In order for CO, capture to be implemented as a method for climate change mitigation, 
technologies must be developed that are efficient, cost-effective, environmentally benign, 
and easily applicable. Liquid amines, used as sorbents for removing CO, in the natural 
gas industry for roughly 50 years, represent the primary competing commercial 
technology (lowest cost to date). However, there are several disadvantages in the use of 
liquid amines': 
- 
- 
- 

High temperatures are required for regeneration (typically 100-120 "C) 
Equipment costs and maintenance for pumping or spraying liquids 
Corrosive effects of liquid amines and byproducts (corrosion inhibitors and high 
maintenance costs required); particularly accelerated by contaminants and acid gases 
Loss of amine due to evaporation (continual maintenance) and latent energy penalty 
Difficulty in handling liquids (as compared to solids) 
Amines must typically be maintained at 4 0 %  (occasionally up to 30%) concentration 
(to reduce corrosion), thereby compromising CO, removal capaciV3 
Additives are required to prevent foaming; and 
Oxygen typically has to be limited to prevent reaction with the solvent' (<8%) 

- 
- 
- 

- 
- 

The focus of our work has been on solid amine sorbentsdd, originally developed for space 
life support systems, but with several key advantages rendering them attractive for other 
applications: high capacity, low regeneration costs, long-term stability, intrinsically fast 
kinetics, no need for moisture removal from gas stream, and ease of handling. Through 
our Hamilton Sundstrand Space Systems International (HSSSI) Division, we previously 
developed a regenerable sorbent consisting of solid amine beads, known as HSC'. This 
material contains a liquid amine bonded to a high surface area, solid acrylic-based, 
polymeric support, followed by a coating to enhance the rate of CO, adsorption and 
desorption. Because a solid bed of material is used instead of liquids, there is minimal 
corrosion, and no equipment is needed to circulate or spray liquids. Our original use was 
for removing low concentrations of CO, at atmospheric pressure (typically less than 1%) 
and thus a key advantage is applicability to either high or low CO, partial pressures- i.e., 
compression of waste gas such as flue gas above atmospheric pressures is not mandatory. 
In addition, the sorbent may be made from low cost, commercially available amines and 
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the consumer cost is anticipated to be roughly the same as that for conventional liquid 
amines. Due to the anticipated long term stability of the material, periodic addition of 
amine, which is a necessity in conventional liquid amine systems, should not be required. 

In order to design sorbents with higher capacities and favorable kinetics, a detailed study 
of the currently used sorbent, HSC' is essential. In this paper, we report on a preliminary 
experimental investigation of thermodynamic data for HSC+ such as heats of adsorption, 
adsorption capacity, and thermal gravimetric analyses. Due to the exothermic nature of 
the CO, absorption reaction and the variability of CO, capacity with temperature, physical 
property data is essential to optimize system parameters (power, weight and volume). 
Our overall goal is to maximize the cyclic CO, capacity of the system while adhering to 
system power, weight and volume specifications. By reporting on fundamental property 
data, this sorbent may also be found applicable for other CO, removal processes as well. 

EXPERIMENTAL 

The adsorption capacity for CO, and temperature increase associated with adsorption was 
determined using a flow apparatus, consisting of a Pyrex tube packed with HSC'. A 
thermocouple was placed at the center of the bed, the concentration of CO, was measured 
at the inlet and exit of the tube using an infra red detector (Horiba, model PIR-2000), and 
the mass of the tube was measured after equilibrium to determine equilibrium adsorption 
capacities. In order to determine the thermal stability of HSC', thermal gravimetric 
methdds (TA Instruments, model 2950) were used. All TGA experiments were taken 
under consistent conditions and typical sample sizes varied between 20 and 50 mg. The 
runs were initiated at room temperature (approximately 25"C), and the temperature was 
increased at a ramp rate of 10°C per minute. Nitrogen was used as a purge gas at a flow 
rate of roughly 70 mVmin throughout all experiments. We have also measured heats of 
adsorption using isothermal flow microcalorimetery. This highly sensitive technique is 
valuable for thermochemical measurements in which equilibrium is attained in a 
relatively short time. Rather than maintaining adiabatic conditions ( i c ,  eliminating heat 
flow to or from the sample cell), we maintain isothermal conditions and measure heat 
flow to or from the cell. Integration of the heat flow over the time period of the 
adsorption process provides the heat of adsorption. The instrument (CSC, model 4400) is 
a differential (dual cell) unit and can measure heat flows as low as 0.1 pW (25 
nanocalories/sec). Operating temperatures range from 0 to 100 "C with an adsorbent bed 
volume of approximately 3 cm' . 

RESULTS 

Figure 1 shows a typical breakthrough curve using an initial mass of 11.4 g of HSC', 
packed in a 1 inch-diameter tube. The flow rate of CO, (2% in N,) was varied between 
-0.5 and 2 slpm. The maximum temperature determined in the center of the bed was 53 
"C, and the maximum adsorption capacity was found to be roughly 4% by mass. These 
experiments employed a bed packed solely with beads of HSC', whereas in practical 
applications, the use of a reticulated aluminum foam provides several advantages: the 
foam acts as a heat transfer and a bed retention medium, allowing for small scale changes 
in sorbent size without introducing a short-circuit path for channeling. These features are 
also in-place with the full-scale cycling sorbent system on-board the space shuttle 
orbiters. 

TGA (thermal gravimetric analysis) data allow us to determine the range of temperatures 
at which CO,, the coating material, and the amine(s) leave the surface of HSC' under 
controlled conditions. As shown in Figure 2, the initial peak in the mass loss derivative 
curve (at - 60 "C) is due to removal of CO,, with a maximum rate in mass loss between 
60 and 70 "C. The second peak at - 200 "C is due to removal of both amine and coating. 

. 
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There is a change in the mechanism beginning at roughly 230 "C and complete 
decomposition occurs at - 450 "C. It is clear that loss of additional components (e.g., 
amine or coating) do not begin to take place until over 100 "C, illustrating thermal 
stability under the operating conditions we employ for space life support systems. 

Figure 3 shows heat of adsorption data for the adsorption of CO, (2% in air) on HSC'. In 
this example, an approximately 0.6 g sample of HSC' was exposed to a 2% mixture of 
CO, in N,, at a flow rate of 30 mllmin. The heat of adsorption was calculated to be -94 
(f8) kJ/mol CO, which is consistent with results anticipated for amine + CO, reactions. 
The value we have reported is an average for 5 sample trials, and the mass Yo of CO, 
adsorbed is 3.7 (f0.4) %. One of the predominant sources of error is believed to be 
incomplete degassing to remove CO, and moisture, and absorption of CO,RI,O during 
material handling and sample transfer. Note that the heat of adsorption reported here 
represents a total heat of adsorption for adsorption of the maximum concentration of CO,, 
rather than a differential or isosteric heat of adsorption for a specific CO, coverage. 

DISCUSSION 

In order to design CO, scrubbers for various applications, detailed performance studies of 
the sorbent are essential. We have performed a set of preliminary experiments to 
determine thermophysical properties and reactivity of the solid amine sorbent HSC'. 
Some of the key issues to address in designing improved sorbents are: capacity, ease of 
revetsibility, and stability. TGA and capacity measurements have shown the material to 
be favorable for space life support applications although a detailed understanding of the 
mechanism is still lacking. This is the first report of a direct measurement of the heat of 
adsorption of CO, on the material which may provide insight into the mechanism and 
ease of reversibility of the process. 

The mechanism for CO, removal using amines is known to be dependent on the presence 
of water'.'. Without moisture present, the main reaction believed to account for CO, 
removal is carbamate formation: 

This shows that for every one mole of amine, only % a mole of CO, is removed. 
However, when moisture is present, further reaction of the carbamate ion to form 
bicarbonate OCCUIS: 

R,NCOO. + 2H20 + CO, = R2NH2f + 2HCO; 
Bicarbonate may also form directly from the amine + CO, + water reaction: 

C02 + R,NH + H,O = R,NH; + HCO;. 
Therefore, in the presence of water, one mole of amine is effective in removing one mole 
of CO,. This mechanism has been discussed in the literature for several years'. In ow 
results, based on a measurement of mass increase alone, it appears as if roughly 3 times 
more CO, is removed in the presence of water as compared to the absence of water. An 
additional possibility is that reaction on the surface, and/or moisture. adsorption, allows 
more of the active sites of the material to be available for CO, removal. 

M e k n g  heats of adsorption can also provide important information on the interaction 
between CO, and the sorbent. For the case of water vapor on HSC' AH was found to be - 
47.2 (f1.0) k.I/mol H,O, with nearly 17% mass capacity for water. As anticipated, a 
physisorptive process typically results in a AH similar to the heat of condensation of the 
adsorbed gas (AH - 4 4 . 0  kJ/mol at 25 "C for water). The heat released during adsorption 
of CO, is sigzificantly larger (-94 (f8) kJ/mol C02 ) than the heat of condensation of 
water vapor, indicative of a strong interaction between the CO, and the amine surface. An 
illustration of mechanistic differences is shown by the measurement of mass % adsorbed 
in the presence of water versus in the absence of water. In the case of a dry (CO,, N, 
mixture), there is a 3.7 (k .4) % mass gain; while the gain is 16.8 (* 3.6)% in the case of 

CO, + 2R2NH = R,NH; + R2NCOO- 
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pure water vapor, and 27.3 (k 2.2)Yo in the case of CO, + water vapor. It is therefore 
clear that higher CO, capabilities are achieved by coadsorption of water. Future studies 
will investigate the mechanism by which coadsorption aids in carbon dioxide removal 
and on optimizing solid amine sorbents. 

CONCLUSIONS 

We have measured the equilibrium CO, adsorption capacity for HSC' to be - 4 % at 
ambient pressures, and have shown that the sorbent may be regenerated using vacuum 
desorption at - 1 Torr. Thermal gravimetric analysis was used to show that the amine is 
strongly bonded to the substrate and the material does not begin to lose amine/coating 
components until over 100 "C, while CO, is desorbed at roughly 60°C in a non pressure 
swing adsorption mode. The material has been tested for hundreds of cycles with no loss 
in performance. 
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Abstract 

A new method being investigated to capture CO, uses a dual alkaline approach with the use of 
chloride salts in an alkaline solution. The capture of CO, leads to the precipitation of 
environmentally benign bicarbonate salts, which can be safely disposed of in the ground or 
ocean. A secondary alkaline is then employed to regenerate the first alkaline at ambient 
temperatures. During regeneration of the secondary alkaline, hydrochloric acid is produced 
which is subsequently injected into the ground to produce calcium chloride. The aqueous 
solution of calcium chloride can be either safely stored in the ground or pumped out as a salt 
source for the initial capture step. Another source of salt is the sodium chloride naturally 
available in the ocean. The dual alkaline approach offers an alternative method for CO, capture, 
separation, and disposal with the advantage of being able to avoid any new environmental 
problems that might occur as a result of the storage of supercritical CO, liquid. 

1. Introduction 

The existing approach for the sequestration of C02 from stationary power plants involves 
two steps:'l. The use of an amine (as an alkaline) to capture CO, from flue gas followed 
by steam stripping of the absorbed CO, at high temperatures, 2. The concentrated C02 
gas is then pressurized to a supercritical CO, liquid for disposal in geologic formations 
and/or the deep ocean. It is known that both steps are energy intensive, especially the 
fmt step which accounts for two thirds to three fourths of the entire cast. Also, the 
reagent loss is substantial if flue gas contains a large amount of SO, and NO, due to the 
difficulty in regenerating amines from heat stable salts such as amine sulfates or nitrates. 
Additional energy is also needed to pressurize the CO, gas into supercritical liquid for 
injection into the ground or deep-ocean. Besides the high cost of implementing the 
existing CO, sequestration approach, there is a concern about the ecological consequence 
resulting from the storage of CO, in the ocean and geological formations. 

An alternative approach is the conversion of CO, to carbonate salts that can be safely 
returned to the environment. Weathering of alkaline rocks is a natural method of CO, 
sequestration. To enhance the rate of the natural process, Kojima et al. suggested that 
alkaline minerals could be pulverized, dissolved, and reacted with power plant CO, to 
form magnesium and calcium carbonates. Lackner et al. has extensively investigated the 
thermodynamics and processes of using chlorides to accelerate the carbonate formation 
from various minerals, including Serpentinite and Peridotites. 

With previous research on the conversion of CO, to benign carbonate in mind, a new 
method is addressed, a dual alkaline approach. The approach involves the use of a salt in 
an alkaline solution, such as ammonia, to capture CO,, leading to the formation of a 
bicarbonate salt. 

CO, + NaCl + NH, + H,O + NaHCO, $ + NH,CI 

CO, + CaCI,+ 2NH, + 2H,O -tCa(HCO,),& + 2NH,C1 

(1) 

(2) or 

We have found that an activated carbon (AC), a secondary alkaline in solid form, can 
then be employed to regenerate the first alkaline at ambient temperature (25T). 

NH,CI + AC -b NH, + ACoHC1 (3) 

The AC can then be regenerated by the extraction of the adsorbed hydrochloric acid with 
water washing at a mild temperature (<IOO"C). 

AC*HCI + H,O(mild) --f AC + HCI*H,O (4) 
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The hydrochloric acid extracted by the water may then be injected into the ground where 
it would react with calcium silicate minerals to produce calcium chloride. 

2HCI + CaSiO, --f CaC1, + SiO, + H,O ( 5 )  

The aqueous solutions of calcium chloride produced underground can either be safely 
stored in the ground or provide a source of salts for the first step as shown in Eq. (2). In 
addition to the man-made salts produced by Eq. 5,  another source of salt is brine (NaCI), 
which can he obtained from the ocean. 

The dual alkaline approach requires low temperatures and little heat input in the 
regeneration of bases. The approach is self-sustaining, the needed chloride salt is 
supplied by the ground (Eq. 5 )  or can be obtained at low costs from the ocean (about 
$5/ton sodium chloride based on Encyclopedia of Chemical Technology, Kirk-Othmer, 
V0121), which is especially suitable for power plants located near the coast. 

Proven Process 

Ammonia has been demonstrated to be an effective catalyst for the reaction of CO, with 
sodium chloride in the production of sodium carbonate (the Solvay process). The 
reaction was performed by first saturating brine with ammonia, and then with carbon 
dioxide. 

Na' + CI' + CO, + H,O + NH, 
AG = -2.484 kcal 

-+ NaHCO, + NH,' + CI 

Following the reaction, sodium bicarbonate, which is fairly insoluble, was separated by 
filtration.,Sodium carbonate is subsequently obtained by heating sodium bicarbonate. 
The ammonia was recovered by the reaction of ammonium chloride with lime, Ca(OH), 
where limestone served as the source of lime 

2 NH,Cl + Ca(OH), -+ 2 NH, + CaC1, + 2 H,O (7) 

However, this scheme poses several drawbacks when applied to coal-fired power plants. 
Among others, the use of limestone for the regeneration of ammonia renders the process 
ineffective mainly because for every mole of CO, captured and transformed, two moles 
of NaCl are consumed, wasting a mole of NaCl that is needed to react with CO, produced 
during the calcination of limestone to lime: 

c + 0, -+ co, 
CaCO, -+ CaO + CO, 

2NaCl + 2C0,  + CaO + H,O + 2NaHC0, + CaCI, (8) 

To circumvent these drawbacks, activated carbon is used as a base to replace lime for the 
regeneration of ammonia. The HCI subsequently produced may be disposed of by 
reacting it with silicate minerals to produce benign CaC1, and SiO,. This reaction is 
performed in subsurface areas by injecting HC1 underground, where silicates are 
abundant in the Earth's crust. Plagioclase (NaAISi,O, or CaA1,Si,Os), Feldspar 
(KAISi,Os), and Amphibole [(Ca, Mg, Fe),Si,O,,(OH),] constitute about 42%, 22%, and 
5% in vol, respectively. 

2HCI + CaSiO, + CaCI, + SiO, + H,O (9) 

The soluble CaCI, salt may be pumped out of the ground for use in the fixation of 
additional CO, according to Eq. (2). 

2. Experimental Approaches and Results 

The use of an aqueous solution of ammonia and sodium chloride for the reaction with 
CO, to produce sodium bicarbonate precipitate is a proven process as mentioned 
previously. After the reaction and the separation of a sodium bicarbonate precipitate, the 
remaining solution contains ammonium chloride. 
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We have discovered that ammonium chloride can be separated into hydrochloric acid and 
ammonia. Experiments were performed by passing an aqueous solution of ammonium 
chloride (PH = 4.7) through a column of activated carbon. The resultant liquid was 
analyzed by ion chromatography. Results indicated that the liquid after the column 
contained more ammonium ions than chloride ions (Figure 1). The pH of the liquid also 
increased from 4.7 to as high as 9.5, indicating that the ammonia is regenerated from the 
ammonium chloride solution. 

The kinetics of the decomposition of ammonium chloride and subsequent adsorption of 
hydrochloric acid by the acid adsorbent was studied. It was found that the reaction order 
was first order and 0.61 7 order with respect to the concentration of the adsorbent and 
ammonium chloride, respectively (Figure 2). The temperature dependence on the 
adsorption of hydrochloric acid from an ammonium chloride solution was investigated 
The Van’t Hoff plot indicates that the adsorption is exothermic (-2.48 kcal/mol). 

The regeneration of the activated carbon with water as a function of temperature was also 
investigated. The kinetics of the desorption of hydrochloric acid from the adsorbent was 
studied at 298,313,333,353, and 373°K (Figure 4). The desorption rate increased with 
an increase in temperature. The Van’t Hoff plot showed that the enthalpy of the 
desorption of hydrochloric acid was 6.25 kcal. This energy was substantially less than 
that (47.85 kcal) required in the regeneration of MEA from an MEA-carbamate. 

The capability of repeated use of the activated carbon was also demonstrated. Several 
cycles were performed (Figure 5). The results show that the cyclic process can sustain 

’ itself. 

3. Conclusion 

The resehch performed has demonstrated that: 1. It is feasible to capture CO, and directly 
transform it into a bicarbonate precipitate using an aqueous mixture of an alkaline and a 
chloride, 2. It is possible to regenerate ammonia from an ammonium chloride solution using an 
activated carbon. Future work includes the study of the effectiveness of different types of 
activated carbon and adsorbents for the regeneration of ammonia from ammonium chloride 
solutions. 
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Introduction 
Gas separation using facilitated transport membranes (FTM) has been extensively 

investigated. Major advantages of FTM over conventional polymeric membranes include higher 
es for reacting species like COz and the resultant high selectivities over nonreacting 

species like N2. This is due to the facilitating reaction mechanism in FTMs compared to the 
solution-diffusion mechanism in polymeric membranes. FTMs are particularly attractive at low 
reacting species concentrations where the driving force is very low. This is especially 
advantageous for removal and sequestration of carbon dioxide when it is present in low 
concentrations. Facilitated transport membranes include immobilized liquid membranes (ILMs) 
where the carrier in a solvent, usually water, is immobilized in the pores of the membrane. 

Despite the obvious advantages offered by the. ILMs, commercialization of these 
membranes is restricted because of the inherent limitation of stability of the liquid membrane. 
The reasons for the ILM instability are: (a) absence of any chemical bonding to the support 
matrix; (b) evaporation of the solvent liquid into gas phases during operation; (c) lower 
breakthrough pressures. To improve the ILM stability, the feed and sweep sides are completely 
humidified minimizing solvent loss by evaporation. Another alternative is to use low-volatile and 
hygroscopic solvents for the ILM preparation. 

We have been studying replacement of water by glycerol in the ILMs for separating COZ 
from N2 streams (Chen et al., 1999, 2000). Since glycerol is very viscous when dry and has 
higher viscosity than polyethylene glycol (PEG) 400 at ambient temperatures, we can expect 
lower permeabilities for the non-rsacting species like NZ and higher selectivity for the reacting 
species like C02. The general objective of this work is to investigate C02 permeation 
characteristics through glycerol-based ILMs using different carriers like sodium carbonate and 
sodium salt of glycine. 

Both carriers mentioned above require a solvent, either water or glycerol, to dissolve 
them. The use of novel carrier liquids/oligomers which do not require any additional solvent was 
also explored. These carrier liquids are non-volatile and have high densities of reactive 
functional groups for C02 separation. Such carrier liquids eliminate the necessity of a solvent; 
the liquid membranes formed can be inherently stable. 

Experimental Details 
Hydrophilized polyvinylidenefluoride (PVDF) and hydrophilized polypropylene 

Celgard 2500 were used as flat membrane substrates; hydrophilized polysulfone was used as the 
hollow fiber substrate.1LMs were prepared by immersion or coating techniques. After immersing 
the substrate in the solution for a pre-determined period of time, it was removed from the 
solution: the extra liquid on the substrate surface was wiped away. If the immersion time is long 
enough, the ILMs prepared can be assumed to fill the entire pore length of the substrate. For 
hollow fibers, immobilization was carried out on the shell side before the fibers were placed in a 
shell casing. 

The C02M2 permeances were measured by the flow cell technique which' involved 
passing an inert sweep gas on the permeate side whose flow rate and compositions were 
continuously monitored. The feed gas stream was humidified with water before passing into the 
cell. For feed gas relative humidities (RHs) less than loo%, dry and humidified gases were 
blended to achieve the required RH. Sweep gas used was dry helium. The experimental 
procedure consisted of setting the feed gas flow rate such that the partial pressure of C 0 2  
remained essentially constant along the feed side of the membrane which had a small area. The 
sweep flow rate was set to keep the partial pressure of C02 in the permeate relatively small, yet 
high enough for accurate measurement. The permeation rates of COZ and N2 were determined 
from their concentrations in the sweep gas and sweep gas flow rate. 

Results and Discussion 
Glycerol-based lLMs having average thicknesses ranging from 15 to 100 microns were 

studied. The concentrations of carriers examined were: 0 to 4.0 niol/dm3 for sodium carbonate, 
0.3-5 moVdm3 for glycine-Na. While IM sodium carbonate solution was clear and stable, higher 
carbonate concentrations in glycerol led to turbid solutions at room temperature. Most of the 
glycine-Na based ILMs were prepared using less than 3M solutions; higher concentration 
solutions tend to be turbid. An oligomer providing high liquid density of reactive functional 
groups was also studied with and without the presence of glycerol as solvent in the ILM. 
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Table 1 compares the effect of canier concentration of sodium carbonate and glycine-Na 
in glycerol systems in hydrophilized PVDF membranes. The entering feed gas was completely 
humidified with water. For a sodium carbonate concentration of O.IM, the C02 permeability 
through the ILM increased by a factor of nearly 100 compared with that through pure glycerol. 
In the higher carrier concentration range, the permeability of carbon dioxide did not increase 
proportional to the carrier concentration, but there was an increase in the selectivity of ILM for 
CO2, possibly due to increase in solution viscosity and ionic strength and the resultant decrease 
in solubility and diffusivity of N2 in the ILM. Similar behavior was observed for glycine-Na- 
glycerol based ILMs also. Some data were obtained for membranes having both carriers, 
glycine-Na and sodium carbonate. The mixed carriers-based ILMs gave C02/N2 permeation 
performances close to the glycine-Na based ILMs of corresponding concentration. 

Table 1. ILM performance in hydrophilized PVDF membranes: effect of carrier 
concentration 

The partial pressure of carbon dioxide affected the COz permcance according to the 
expected facilitated transport behavior. At lower COz partial pressures, the C02 permeance of 
sodium carbonate-glycerol ILM or glycine-Na-glycerol ILM is greater than those of DEA-PEG 
400 ILM (Saha and Chakma, 1995), but lower than MEA-water ILM (Teramoto et al., 1996). At 
higher COz partial pressures, fixed-carrier membranes (Quinn and Laciak, 1997) achieve higher 
CO2 permeances than these ILMs. 

The glycine Na-glycerol ILMs were operated for more than 600 hours with no change in 
performance. The mechanical stability of the glycerol-based lLMs was studied by subjecting the 
ILMs to different feed inlet relative humidities. In one such experiment, a 0.6 M sodium 
carbonate-glycerol ILM was subjected to feed inlet relative humidity varying with time to 
observe any deterioration in performance. The feed stream was 10.6% C02-balance N2 gas 
mixture. The feed RH was 100% for the first 48 hrs. Then it was decreased to 13% and 
maintained at that level for 100 hours. Finally, the feed RH was increased to 100% again. The 
ILM was not at all damaged during the 200 hour flow of very low RH feed stream: the ILM 
performance could be restored to normal levels when the feed RH was increased to 100% again. 
The low volatility and highly hygroscopic nature of glycerol are responsible for the observed 
stability, which is a marked improvement over water-based ILMs. Glycine-Na- glycerol based 
ILMs also demonstrated similar behavior. 

Table 2 shows the performances for glycerol based ILMs in hydrophilized Celgard 2500 
membranes. The permeabilities obtained in the Celgard-based ILMs were lower than those 
obtained in PVDF membrane based ILMs. The Celgard-based membranes in general showed 
lower selectivities which may be attributed to imperfect hydrophilization. 

Table 3 presents the results for hollow fiber based ILMs. The effective C 0 2  permeance 
for a 0.53% CO2-balance N2 feed gas mixture can be as high as 3.13 x 10-5 cc/cm;?.s.cmHg with 
COz/N2 separation factors in the range of 2000-2700. These data represent so far the highest 
carbon dioxide permeances observed in this study for hollow fiber membranes. Further, they 
compare very well with the highest COZ permeances obtained with flat film ILMs in our studies. 
The stability of these ILMs was excellent over the period studied, namenly, 300 hours with no 
apparent deterioration in CC.2 permeance or C02M2 selectivity. 
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Carrier 
concentration 

1 M NaZCO, 
2.2SM Glycine- 

Na 

Table 3. Performance of hydrophilic polysulfone fiber modules for 3.0 M glycine-Na- 
glycerol solution. 

The novel use of non-volatile highly functionalized oligomers for selective CO2 
separation was also studied. Pure oligomer was used as the ILM. The results were remarkable. 
The c 0 2 - N ~  separation factor could go very close to 19,000 at a low COZ partial pressure of 0.36 
cm Hg. The corresponding CO2 permeability was 4100 Barrers. At higher C02 partial pressures 
of about 70 cmHg, the c 0 2 - N ~  separation factor was around 700. This behavior reflects the 
classical carrier saturation behavior of facilitated transport membranes. This particular ILM was 
used continuously for more than 35 days without any visible signs of any membrane leaks or 
instability. During this period, the ILM was subjected to different carbon dioxide partial 
pressures, transmembrane pressures, and feed inlet relative humidities. The oligomer-based 
ILMs appear to function almost as a molecular gate for COz v i s -h i s  other inert gases, N2, 0 2  
etc at low partial pressures and high feed RHs. Addition of glycerol to the oligomer in forming 
the ILM tends to reduce the C02-N2 selectivity because of higher N2 solubility in glycerol. 

Co2  partial co2 N2 COIN2 
pressure (em permeability Permeability Selectivity 

Hg) (Barrer) (Barrer) 
0.52 863 1.24 698 
0.46 3920 2.23 1770 

Conclusions 

1) Glycerol-based immobilized liquid membranes provide mechanically stable performance 
even when exposed to low humidity feed gases. The performance of the ILM can be restored 
to the normal levels once higher feed humidity is reintroduced. This is a radical improvement 
over conventional water-based ILMs. 

2) ILMs were operated for more than 600 hrs continuously without any deterioration in 
performance. 

3) Increase in partial pressure of CO2 reduces the CO2 permeability and its selectivity as 
,expected for the facilitated transport mechanism. 

4) Novel non-volatile oligomeric liquids having high density of reactive functional groups 
appear to function as a CO2-selective molecular gate, yielding very high COZ-N~ selectivities 
at low C02 partial pressures and high feed side RHs. 
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INTRODUCTION 

Fossil fuels supply more than 98% of the world's energy needs. However, the combustion of fossil 
fuels is one of the major sources of the green house gas CO,. It is necessary to develop technologies 
that will allow us to utilize the fossil fuels while reducing the emissions of green house gases. 
Commercial CO, capture technology that exists today is very expensive and energy intensive. 
Improved technologies for CO, capture are necessary to achieve low energy penalties. Pressure 
swing adsorption (PSA) is one of the potential techniques that could be applicable for removal of CO, 
from high pressure gas streams such as those encountered in Integrated Gasification Combined Cycle 
(IGCC) systems. 

PSA processes are based on preferential adsorption of the desired gas ( eg. COJ on porous materials 
at a high pressure. When the pressure is decreased, the gas is desorbed from the porous sorbent and 
the sorbent can be reused for subsequent adsorption. PSA technology has gained interest due to low 
energy requirements and low capital investment costs. Development of regenerable sorbents that 
have high selectivity for CO, and high adsorption capacity for CO, is critical for the success of the 
PSA process. 

In this work three sorbents from United Catalyst, namely, molecular sieve 13X, molecular sieve 4 4  
and activated carbon were utilized to study the adsorption of CO,. Volumetric adsorption studies 
of CO, N, or H2 with the three sorbents were conducted at 25 OC up to a pressure of 300 psi (-2x 
lo6 Pa). 

EXPEIUMENTAL 

The sorbents Zeochem-Z1O-O2/13X molecular sieve, Z4-O1/4A molecular sieve and activated carbon 
were obtained ffom United Catalysts, Inc. Adsorption isotherms at 25 C of pure CO,, N,, or H, on 
m o l e a h  sieve 13X, molecular sieve 4 4  and activated carbon were measured up to an equilibrium 
pressure ofabout 300 psi (-2x lo6 Pa) utilizing volumetric adsorption apparatus. Approximately 10 
ml of the sorbent materials were placed in the sample chamber, which was evacuated to - 5 ~ 1 0 ' ~  
Torr. The amount of CO, adsorbed was calculated utilizing the pressure measurements before and 
after the exposure of the sample chamber to CO,. Base line data with CO, were obtained utilizing 10 
ml of glass beads. A total of 9-10 adsorption cycles were performed with each sorbent. Mer each 
cycle the sorbent was evacuated overnight. Mer two cycles, each, were performed with hydrogen 
and nitrogen, a 6nal cycle was performed with CO, to evaluate whether the adsorption was affected 
by the adsorption of the other gases. 

RESULTS AND DISCUSSION 

' 

Volumetric adsorption isotherms of CO,, N, and H, on molecular sieve 13X at 25 "C are shown in 
Figure 1. Up to 50 psi the CO, adsorption increased rapidly when the pressure was increased. The 
increase in CO, adsorption after 50 psi appeared to be gradual. The adsorption isotherms for 
repeated cycles were very similar. This indicated that the adsorption is fUy reversible and complete 
regeneration can be obtained by evacuation of the material after adsorption. At all pressures, 
adsorption isotherms of nitrogen were lower than those of the CO,, and adsorption isotherms of 
hydrogen were significantly lower than those of CO,. Both nitrogen and hydrogen isotherms were 
completely reversible. Preferential adsorption of CO, indicates that this material can be used for 
separation of CO, from some gas mixtures. The final adsorption isotherm (cycle 9-which was 
obtained aAer the adsorption experiments with nitrogen and hydrogen) was conducted with CO, and 
it is very similar to the previous adsorption isotherms with CO,. This indicates that the sorbent was 
not affected by the adsorption of nitrogen and hydrogen. 
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The volumetric adsorption isotherms for molecular sieve 4A(Zeochem Z4-01-4A) are shown in 
Figure 2. The adsorption isotherms indicate that the uptake of CO, is higher than the uptakes of the 
other two gases, nitrogen and hydrogen. This preferential uptake of CO, makes this sorbent suitable 
for the separation of CO, from gaseous mixtures. The adsorption isotherms of CO, for molecular 
sieve 4A are not highly reproducible, indicating that the adsorption is not completely reversible. The 
adsorption at the first cycle was the highest. The uptake of CO, for molecular sieve 4A was lower 
than that of molecular sieve 13X at all equilibrium pressures up to 250 psia. However, both nitrogen 
and hydrogen adsorption isotherms of molecular sieve 4A appear to be similar to those of molecular 
sieve 13X. The adsorptions of nitrogen and hydrogen did not affect the final adsorption isotherm of 
co2 
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The adsorption isotherms for activated carbon are shown in Figure 3. It is interesting to note that 
aU the isotherms are extremely reproducible, which indicates the excellent reversibihty of adsorption. 
The CO, uptake for activated carbon was lower than that of the two molecular sieves at lower 
pressures (< 50 psi), but at higher pressures the CO, uptake for activated carbon was higher than 
that of the molecular sieves. Nitrogen and hydrogen adsorption isotherms appear to be very 
reproducible. The final CO, adsorption cycle (cycle 10) was very similar to the first cycle, which 
indicated that the sorbent was not affected by the adsorption of other gases. 

; 4  

H 3 

2 

1 

0 

CONCLUSIONS 

All three sorbents, molecular sieves 13X and 4A, and activated carbon, showed preferential 
adsorption of CO, over nitrogen or hydrogen at all pressures up to 250 psia. The molecular sieve 
13X showed better CO, uptake than molecular sieve 4A. At lower pressures activated carbon had 
a lower CO, uptake than the uptakes of the molecular sieves, but at higher pressures the adsorption 
was higher for activated carbon than for the molecular sieves. 
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ABSTRACT 
Hydrates have the peculiar crystal structure that one guest molecule is surrounded with a 
cage composed by water molecules. These water molecules are connected by the hydrogen 
bonding each other, but there is no chemical bonding between the guest molecule and the 
water molecules. In this paper I will show the possibility of hydrate's application to solve 
environmental problems. The cage-like structure of hydrates can be utilized as an 
environmental pollutant gas separation method since in mixture hydrates the molar fraction 
of components in a hydrate phase is different fmm that in a gas phase. Firstly properties of 
hydxates concerning with the separation technology are, summarized concisely. Potential 
function between the water molecules and the guest molecule is calculated for CO2, N2 and 
02. And hydrate-gas equilibrium in C02-N2-02 mixture is predicted. Then, based on these 
data, the separation technology with hydrates is demonstrated. 

INTRO~UCTION 
Hydrates have been classified as one of clathrate compounds and show the peculiar structure 
that one gas molecule exists in the cage composed by water molecules. The molecule in the 
cage is called a guest molecule and many kinds. of gas molecules like argon, oxygen, nitrogen, 
xenon, carbon dioxide, nitric monoxide, sulfur dioxide, and hydrogen sulfide may become a 
guest molecule. The forming condition of hydrates is generally in low temperature and high 
pressure, and this condition is different with the type of the guest molecule. 
Recently, the separation technology that uses the functional material having recognition 
ability of molecules has been attracting many attentions. For instance, Crown ether, shown in 
Fig.1, can recognize and capture a molecule that fits the molecular space of the crown ether. 
This property of the crown ether can be utilized in the separation technology. In that case 
recognition and capture of the molecule are carried out based upon the molecular size. On the 
other hand, hydrates have the recognition ability based upon the potential energy between 
the guest molecule and water molecules in addition to the ability based upon the molecular 
size. 
In this paper I take the possibility of hydrates as the functional material having the molecular 
recognition ability and report the result of applying this ability of hydrates to the separation of 
the carbon dioxide from the exhausted gas. Firstly the properties of hydrates concerning 
separation are introduced and the separation process using hydrates is explained. Then in 
relation to the molecular recognition ability of hydrates, the potential functions between the 
guest molecule and water molecules are presented for each guest molecule of carbon dioxide, 
oxygen or nitrogen. Some examples of the phase equilibrium calculation that can be used to 
recover carbon dioxide from the exhausted gas are shown. Lastly experimental apparatus 
demonstrating this technology is introduced and some experimental results are shown. 

HYDRATES 
Fig.2 shows models of the cage composed by water molecules and Table 1 indicates structural 
properties and geometric constants of the cage. Water molecules occupy summits of the 
polygon and are connected by the hydrogen bonding each other. And each cage contains one 
guest molecule. Though there are many kinds of molecules that can be held in the cage, some 
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restrictions exist to be contained in the cage. At first, the size of the molecule must be proper 
to be inside of the cage because the diameter of the cage is constant and fked:In other words, 
hydrates have the molecular recognition ability depending on the molecular size. And the 
molecule whose size is extremely smaller than the cage sue  cannot make hydrates. Next, it 
is necessary not to make the hydrogen bonding between water molecules. 'Cable 2 shows 
guest molecules that make hydrates and their van der Waals diameter. 

SEPARATION BY HYDRATES 
Each cage of hydrates contains one guest molecule, but considering bulk hydrates, there is no 
need for all guest molecules to be same. In other words, mixture hydrates exists. Mivture 
hydrates means the situation that different kinds of molecules are scattered in hydrates cages. 
Mixture gas that consists of many components shown in table 2 can form mixture hydrates. 
The separation technology by hydrates is based on the fact that molar fraction of components 
in the hydrate phase is different from that in the gas phase. Fig 3 illustrates this situation 
conceptually. In this case, the gas phase contains same number of black molecules and white 
molecules but the hydrates phase includes lager number of black molecules. That is to say, 
the stability of the hydrate cage is different according to the type of the guest molecule. 
Fig.4 expresses the situation illustrated in Fig2 by a diagram. This figure is also conceptual. 
In this figure a vapor line and a hydrate line are drawi. By utilizing this figure we can design 
the separation process. For instance, the dotted line in this figure indicates that the vapor in 
which the molar fraction of black molecules is 0.5 forms hydrates at pressure P, and that the 
molar fiaction of black molecules in the hydrates phase is 0.79. When dissolving these 
hydrates, you can obtain the vapor in which the molar fmction of black molecules is 0.79. The 
dashed line shows that the vapor in which the molar fraction of black molecules is 0.79 forms 
hydrates at pressure Pz and that the molar hct ion of black molecules in hydrates phase is 
0.95. By same procedure in the former case, dissolving these hydrates, you can recover the 
vapor in which the molar fraction of black molecules is 0.95. The repeating process between 
forming and dissolving hydrates is necessary to separate mixture gas by hydrates. 

MOLECULAR RECOGNITION BY HYDRATES 
Molecular recognition of hydrates is carried out by two mechanisms. One is based upon 
molecular size and the other is based upon the difference of the potential function between 
the guest molecule and water molecules. Let assume that mixture gas is composed by carbon 
dioxide, oxygen and nitrogen, in this case each molecule can be clathrated in the cage as 
shown in 'hble 2. So next factor of the separation is the difference of potential functions 
among these three components. Fig.5 shows potential functions between the guest molecule 
.and water molecules for carbon dioxide, oxygen and nitrogen. It is obvious from this figure 
that the depth of the potential well with carbon dioxide is deep comparing with that of oxygen 
and nitrogen. This fact suggests that the carbon dioxide molecule is easier to be captured in 
the hydrate cage than other two components. 
To design the separation process for the mixture of carbon dioxide, oxygen and nitrogen, the 
phase equilibrium diagram for COz-Nz-O, mixture is necessary. After removing NOx and SOX, 
main components of exhausted gas are nitrogen, carbon dioxide, oxygen and water. Hydrate 
phase equilibrium calculation was camed out for the exhausted gas of this component. Fig.6 
and Fig.7 demonstrate results of the phase equilibrium calculation based upon the van der 
Waals and Platteeuw theory. If the molar fraction of carbon dioxide in the exhausted gas is 
0.12, carbon dioxide is separated and recovered by two steps of forming and dissolving 
hydrates. 

,- 

EXPERIMENTAL APPARATUS AND RESULTS 
Fig.8 illustrates the experimental apparatus. The high-pressure vessel was made by sus303 
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and its diameter MS 150- me fcaction of mixture gas was controlled by mass flow 
meters. The mixture gas was preswked by a booster pump then intxuduced to the Vessel. 
Hydrates were made by the spray method Pressurized water was jetted out from a nozzle. 
Temperature was measured by platinum resistance thennometers and pressure was gauged 
by a pressure transducer. The molar hct ion of the mivture gas and hydrates was measured 
by a gas chmatograph. 
Table 3 shows one example of experimental results. Obviously the molar fraction of carbon 
dioxide in the hydrate phase is higher than that in the gas phase. But there is a gap between 
theoretical predictions and experimental results. 

CONCLUSION 
Properties of hydrates concerning with the separation were briefed. Potential function 
beheen the water molecules and the guest molecule was calculated for carbon dioxide, 
oxygen and nitrogen. And hydrate-gas equilibrium in COZ-N2-02 mixture was predicted. 
Then, based on these data, the separation technology with hydrates was demonstrated. 

Fig.1 Crown ether 

i. 

e 
0 .  

0 e 
e o  

e 
0 

0 
0 .  

0 
e 

e o  0 

e 
e o  0 0 .  

Fig.3 Mixhrre hydrates with vapor phase 

613 

Fig.2 Cages of gas clathrate hydrates 
(a) small cage. (b)(c) large cage 
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ABSTRACT 

Polymerization reactions of carbon dioxide were investigated with a view toward utilization 
of vast amounts as a chemical feedstock. Copolymerization of carbon dioxide with formaldehyde 
and paraformaldehyde in the presence of a variety of catalysts was investigated. .In the presence of 
amine catalysts or Lewis acid catalysts, carbon dioxide copolymerizes with formaldehyde or 
paraformaldehyde to give a water-soluble polymer of polycarbonate structure. A 1:l alternating 
copolymer is proposed from its infrared spectra showing a strong ester band at 1750 cm-’. From 
high-pressure liquid chromatography analysis, number-averaged molecular weight was determined 
to be about 20,000. However, mixing in 25% of a comonomer spacer (ethylene glycol) gave a 
polymer with twice the molecular weight. The addition of boric acid resulted in cross-linking of the 
polymer and a significant increase in the viscosity of the aqueous solution. 

INTRODUCTION 

Since 1969 when Inoue and coworkers (1.2) first reported the synthesis of high-molecular- 
weight poly(propy1ene carbonate) by copolymerization of CO, and propylene oxide using organozinc 
cata1ysts:copolymerization of carbon dioxide has been widely studied (3). Because of the low cost 
and accessibility of the monomers and the attractive properties of polycarbonates, there has been 
considerable recent interest in the development of catalysts for the alternating copolymerization of 
carbon dioxide with epoxides (3-7). Recently, Chiang (8) reported copolymerization of carbon 
dioxide and formaldehyde to give a 1:l alternating copolymer. The nature of the product from 
alternating copolymerization of CO, with carbonyl compounds in the presence of a variety of acid 
and base catalysts is reported here. 

EXPERIMENTAL 

Reactions were conducted in a 300-mL pressurized Parr autoclave with generally 16 g of CO, 
and an equimolar amount of aldehyde equivalent with 5% by weight of catalyst. Products were 
worked up differently depending on the solvent for the reaction. In a typical run, a mixture of 
aqueous formaldehyde (37%), catalyst, and dry ice was placedin a 300-mLPmreactor. The reactor 
was sealed under nitrogen and heated at the desired temperature for the desired time period. The 
reaction products were soluble in the water solvent used for the reaction. For the reactions of 
paraformaldehyde and trioxane, methyl tertiary butyl ether (MTBE) or dioxane were used as 
solvents. 

Polymer products were analyzed by infrared (JR) spectroscopy and gel permeation 
chromatography (GPC). Aqueous solutions of the polymeric products were analyzed with 
high-pressure GPC on a TSK30 gel column with water eluent and ultraviolet (UV) detection at 210 
nm, and dioxane solutions were analyzed with a mixed pore size photoluminescence gel column in 
tetrahydrofuran 0 solvent. Molecular weights (M,) were calibrated using retention times of 
proteins and polymer standards with narrow M, distributions. Reaction yields were also determined 
on the GPC column. The copolycarbonate peak area was calibrated using a known concentration of 
a standard consisting of a purified copolycarbonate sample. 

RESULTS AND DISCUSSION 

Base Catalysis 

A comparison of the catalytic effects of a series of organic bases was conducted on the 
reactions of carbon dioxide with aqueous formaldehyde to form the acetal copolycarbonate ester 
(Figure 1). The reactions were performed in a pressurized autoclave at 120°C using organic bases, 
triethylamine (TEA), dimethylaminopyridine @MAP), and diazabicyclooctane @ABCO) as 
catalysts for the reactions (Table 1). Chiang used TEA as the catalyst (8). The DMAP and DABCO 
are much more basic and were expected to exert a better catalytic effect. 
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Figure 1. Acetal copolycarbonate formation. 

TABLE 1 

Reactions of Formaldehyde 
Aldehyde Catalyst Solvent Temp., 'C Time. hr Polymer Solubility Mw (yield) 

HCHO TEA Water I20 100 Very viscous Somewhat 23.000(I%) 
(3740.40 mL) (2 g) oil (4.01 g) soluble in 20,000 (17%) 

water 16.ooO (19%) 
12.000 (8%) 

HCHO DMAP Water 120 100 Very viscous Somewhat 22.000 (8%) 
(379b.40 mL) (2.3 g) oil (6.2 g) soluble in 14.000 (27%) 

water I1.500 (15%) 
1000 (20%) 
<IwO (rest) 

HCHO DABCO Water I20 100 Very viscous Somewhat 22.000 (22%) 
(379b.40 mL) (2.24 g) oil(5.1 g) solublein IOM)(17'%) 

water <I000 (rest) 

* HCHO = formaldehyde. 

The product from aqueous formaldehyde reaction was water-soluble. Extraction of the product 
with ether recovered about 70% of the base catalyst. The amount of the acetal polycarbonate was 
determined by GPC. Polymer peaks eluted early, and molecular weights and amounts were 
determined from retention times and peak areas. Low-molecular-weight oligomers werealso present 
in the products, as evidenced by the presence of a late GPC peak. The results in Table 1 show that 
higher yields of polymer were obtained from the reaction using the more powerful base DMAP. TEA 
gave the lowest yield and is the most volatile. 

Water was removed from the reaction products by low-vacuum distillation. The impure 
reaction products were tacky solids with good water and ethanol solubility, but poor solubility in 
THF and dioxane. IR spectroscopy of the products indicated that substantial amounts of aliphatic 
ester carbonyl groups were present, verifying that the desired incorporation of CO, to form the 
polycarbonate ester had occurred. 

A comparison of the reaction conditions was also performed for the reaction in aqueous 
formaldehyde using the basic catalyst, DMAP. This reaction matrix vaned temperature (120" to 
200°C) and the reaction time (12 versus 24 hr). Relevant data are given in Table 2. For the 12-hr 
series of runs, polycarbonate yields increased with temperature as follows: 120°C. 4%; 150°C. 5%; 
175°C. 9%; 200°C. 11%. Increasing the reaction time to 24 hours at 150°C increased the yield from 
5% to 7%. The molecular weight of the polymer products was about 20,000 daltons for most of the 
reactions, but was 40,000 for the reaction at 175°C. 

Two disadvantages of the aqueous formaldehyde became obvious during these initial studies: 
1) the product polymers are not easily separated from the reactant formaldehyde and oligomers, 
owing to similarity in solubility and difficulty in distilling the formaldehyde off without 
decomposition; 2) the aqueous formaldehyde contains methanol (normally 5%-15% present in 
commercial formalin solution) that could cap the ends of the chains as an acetal linkage. Methanol 
and formic acid are also formed as byproducts in the reaction via the Cannizarro reaction of 
aldehydes in base. Although it is displaceable from the end formaldehyde unit, it would inhibit the 
reaction and prevent the reaction with the CO,. 

677 



TABLE 2 

Reactions of Aqueous Formaldehyde 
Aldehyde Catalyst Solvent Temp, 'C Time. hr Polymer Solubility M, (yield) 

Formaldehyde DMAP Water I20 24 Orange Water 20.000 (58%) 
(40 mL. 37%) + (2.37 g) solution 19.500 (42%) 

Carbonate (42 g) 

Formaldehyde DMAP Water 120 24 Orange Water 20.000 (58%) 
(40 mL. 37%) + (2.37 g) solution 19.500 (42%) 

Ammonium (1.21 g)' 

Dry Ice (I6 g) (1.21 g)' 

Formaldehyde DMAP Water 150 12 Orange Wa!er 85,OM) (2%) 
(40 mL. 37%) + 
Dry Ice (16 g) 

Formaldehyde DMAP Water 150 24 Orange Water 16.000 (51%) 
(40 mL. 37%) + (2.37 g) solution 15,500 (49%) 
Dry Ice (16 g) 

Formaldehyde DMAP Water 175 12 Orange Water 40.000 (100%) 
(40 mL, 37%) + (2.37 g) solution 
Dry Ice (I6 g) (2.84 9)' 

Formaldehyde DMAP Water 200 12 Orange Water 21,000 (48%) 
(40 mL. 37%) + (2.37 g) solution 20.000 (52%) 

*; Yield based on GPC data. 

solution 20,000 (98%) 
(1.63 g)' 

(2.37 g) 

(2.24 g)' 

Dry Ice (I6 g) (3. I 9)' 

Paraformaldehyde Reactions 

An investigation of the reactions of paraformaldehyde with CO, was conducted in ether and 
ester solvents at 120°C (see Table 3). The products were compared for reactions with two basic 
catalysts, DMAP and DABCO, in two solvents, MTBE and dioxane. The molecular weights of the 
products were determined by high-pressure GPC. In MTBE solvent, the stronger of the base 
catalysts, DMAP, resulted in the highest yields of polycarbonate, but the molecular weight of the 
product (12,000) was lower than that obtained with DABCO (19,OOO and 23,000, two peaks). Yields 
in dioxane were similar for the two bases. Reactions in the ester solvent (ethyl acetate) gave no 
polymer product. The reaction products had limited solubility in dioxane, so were easily separated 
as a viscous liquid by decantation of the solvent. This product exhibited high water and ethanol 
solubility. IR spectroscopy confirmed its polycarbonate structure. 

TABLE 3 

Reactions of Paraformaldehyde 
Aldehyde Catalyst Solvent Temp.. "C Time. hr Polymer Solubility M, (yield) 

Paraformaldehyde DMAP Dioxane 120 48 Viscous oil Water 85.W (16%) 
(15 g) + Dry Ice (I6 g) (2.37 g) (40 mL) (6.5 g) 23,000 (48%) 

2 2 . m  (37%) 

Paraformaldehyde DMAP Dioxane I20 24 - - 
(15 g) + Dry Ice (16 g) 

Paraformaldehyde DABCO Dioxane 120 24 Viscous oil Water 

(2.37 g) (40 mL) 

(I5g)+Drylcc(16g) (3.58g) (40mL) (3.5 g) 

Paraformaldehyde DMAP Dioxane 175 I2 Viscous oil Water 23.000 (100%) 
(15) + Dry Ice (I6 g) (2.3 g) (30 mL) (10.33 g) 

Paraformaldehyde None Dioxane 120 24 
(22 g) + Ory Ice (24 g) (40 mL) 

Paraformaldehyde DABCO Dioxane 120 24 Viscous oil Water <1000(86%) 
(15 g) + Wlanolamine (2.3 g) (40 mL) (51 g) l9.W (12%) 

45.ow(I%) (30.5 g) + Dry Ice (I6 g) 

Higher-temperature reactions of paraformaldehyde were also investigated. Reactions of 
paraformaldehyde with CO, in dioxane solvent (DMAP catalyst) at 175°C for 12 hr gave a 33% 
yield compared with a yield of 21% for the reaction at 120°C for48 hr. The molecular weights were 
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similar for the two reactions (23,000). Thus temperature has a very significant effect in increasing 
the reaction yields, but does not significantly affect the molecular weights. 

Paraformaldehyde gave higher yields of polymer than aqueous formaldehyde. The reaction of 
Paraformaldehyde required the catalyzed depolymerization to the reactive monomer in situ. When 
paraformaldehyde was heated in  dioxane at 120°C for 24 hr, no formaldehyde was formed. 
However, when paraformaldehyde was heated in dioxane in the presence of 
4-dimethylaminopyridine, a significant amount of formaldehyde was formed. Quantitative analysis 
was not performed. Trioxane does not decompose to formaldehyde in base and therefore did not 
react to form polymer. 

Reactions of Trioxane 

Trioxane, the trimer of formaldehyde, is easily formed from formaldehyde and represents a 
soluble form. One reaction of trioxane was attempted with CO, with the DMAP catalyst at 150°C. 
NO polymer formed in the reaction. The basic catalyst was not effective in breaking down the 
trioxane to formaldehyde for the copolymerization. 

Reactions with Glycol Comonomer 

Incorporation of ethylene glycol as a comonomer was attempted to determine if additional 
stability would result from the presence of the glycyl or 1.2-dioxy unit in the chain. This unit would 
be expected to be more stable than the vicinal acetal or 1,l-dioxy unit that results from 
polymerization of the aldehydes. Thus, the polymerization of CO, with paraformaldehyde and 25% 
ethylene glycol in a dioxane solvent andDABCO catalyst was carried out. The ethylene glycol unit 
was also expected to modify the crystallinity of the chains by acting as a "spacer" group. 

Thecopolymerproductsobtained with ethyleneglycol contained58%ofasignificantly higher- 
molecular-weight polymer (42,500 daltons) in addition to the normal 20,000-dalton polymer. The 
products were still soluble in water. Further reactions with epoxide and other comonomer mixtures 
are needed to understand and optimize the copolymerization reaction chemistry. 

Copolymerization of Other Aldehydes 

The scope of the acetal copolycarbonate reaction was expanded to include other aldehydes. 
Reactions of acetaldehyde were conducted with carbon dioxide in dioxane (DMAP catalyst) at 
150°C (see Table 4). A low yield of polymer was obtained. The condensation product, 
crotonaldehyde, and low-molecular-weight oligomers were present. A repetition at this temperature 
gave similarresults. Areaction temperature of 175°C gave higher yields than thereactions at 150°C. 
In contrast to the formaldehyde copolycarbonates, the polymer products from the acetaldehyde 
polymerization were not water-soluble. The acetaldehyde copolycarbonate is in fact soluble in 
dioxane and THF. The molecular weight of the product from the higher-temperature reaction 
(19,000) was similar to that from the 150°C reaction. With the basic catalyst, the major products 
result from condensation rather than copolymerization. Reactions of a second aldehyde 
(furfuraldehyde) with CO, were also investigated at 120°C. The product was, however, onlypartially 
soluble and appeared to have been converted to a pitch under the reaction conditions. 

TABLE 4 

Reactions of Acetaldehyde 
Aldehyde Catalyst Solvent Temp., "C Time, hr Polymer Solubility M, (yield) 

Acetaldehyde (22 g) + DMAP Dioxane 150 12 (0.73 9)' Dioxane 86.000 (35%) 
Dry Ice (16 g) (2.37 g) (40 mL) 20.000 (97%) 

Acetaldehyde (22) DMAP Dioxane 175 12 (5.73 g)' Dioxane 19.MH) (100%) 

* Yield based on GPC data. 
+ Dry Ice (I6 g) (2.3 g) ( 4 0 m  

Lewis Acid Catalysis 

A large number of Lewis acid catalysts have been tested in other laboratories for the related 
copolymerization of epoxides with CO, (2-7). One of these catalysts, zinc bisanil(7). was prepared 
for the reactions of CO, with paraformaldehyde and acetaldehyde. The function of the acid catalyst 
is to break down the paraformaldehyde. or trioxane, as well as catalyze the copolymerization. 
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Several forms of the Zn bisanil catalyst were investigated. The methoxide form gave a white 
polymeric film on top of an orange solution. The polymeric film was separated by filtration. The 
white film was air-dried and weighed. The orange solution was evaporated to remove solvent. Upon 
removal of solvent, a highly viscous orange oil was formed. The oil was completely soluble in water 
and was analyzed by GPC. Relevant data are given in Table 5. 

TABLE 5 

Zinc Bisanil Complex-Catalyzed Reactions of Paraformaldehyde and CO, 
Aldehyde Catalyst Solvent Temp.. "C Time, hr Polymer Solubility M, (yield) 

Paraformaldehyde Bisanil + Dioxane 150 20 Orangeoil Water 21.500(18%) 
U5g) NaOMe (40mL) (8.71 g) 18.O00 (6%) 

+ZnCI, White solid IO00 (52%) 
(1.08g) <I000 (rest) 

Paraformaldehyde Bisanil ZnCI, Dioxane 150 I2 ' Orangeoil Water 
(15 $2) (3.54g) (ad) (4.62 g) 

Paraformaldehyde Bisanil Dioxane 150 12 Orangeoil Water SS.oaO(1.5%) 
(15 9) ZnTCA (40mL) (6.26 g) 24.000 (3%) 

(0.5 g) 21.OOO (36%) 
17,000 (24%) 
13.000 (7%) 

The methoxide form of the catalyst gave the most product, but only a portion of it was the 
21,000-dalton polymer. Most was the oligomers. The chloride form gave the least product, and since 
it was not soluble in water, it has  not yet been analyzed in the GPC system. The trichloroacetate form 
was reasonably successful in producing the 17.000- to 21,000-dalton product. 
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FOR THE CARBAMATlON OF AMITVES OF INDUSTRIAL INTEREST 
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“)Universiti degli Studi di Bari, Dipartimento di Chimica e Centro MISO. 

Abstract: Developing clean synthetic methodology for the production of carbamates, avoiding 
phosgene, is a very attmctive perspective In this papa; the reactivity of industrially relevant amines, 
aliphatic and aromatic, towards C& and alkylating agads, or dialkyVaryl-carbonates is discussed 
We also describe the catalytic role of carbon dioxide in the carbamation of aliphatic amines and that 
of P-acids in the reaction of aromatic amines towards cahnates. The reaction mechanism is 
discussed. 
Keywords: carbon dioxide, organic carbamates, amines 

Introduction 
Organic carbamates are compounds of great interest used in pharmacology, agriculture, and 
chemical industry ’ Their conventional syntheses are based on the use of phosgene, a chemical 
difficult to handle because of its toxicity. The substitution of phosgene with less noxious starting 
materials represents a very important target of “green chemistry” for the h e .  Carbon dioxide 
and organic carbonates are good candidates as succedaneous for phosgene 
Utilisation of &n dioxide in the synthesis of carbonate est= has h inve&@ed for long !he. 
We have repolted about their selective synthesis horn amines, C G  and alkylating agents’[Eq 11. 

RR’NH + COz +R”X -RR’NROOR” + HX 

Aminolysis of organic carbonates [Es 21 is another amactive synthetic route to carbamates, 
since noh-phosgene routes to carbonic acid diesters are now available. 

(1) 

RR’NH + R”OC(0)OR” - RR’NC(0)OR” + R”OH (2) 
R, R’ = H, alkyl or aryl, R” = alkyl or aryl 

In fact, dimethylcarbonate (DMC) is produced on large-scale by oxidative cahnylation of methanol m. 31, and other organic bonates  can be prepared by transeserilication of DMC with phenols or 
long chsin alcohols [Eqq. 4,5] 

2MeOH + CO + % Ch (h4eO)2C=O+HzO (3) 

(MeO)+O + PhOH “(Ornh, PhOC(0)OMe + MeOH (4) 

2 PhOC(0)OMe (PhO)2C=O + (MeOhC=O (5) 

Carboalkoxylation of aliphatic amines requires suitable catalysts in order to observe high 
conversion rate and good selectivity. Lewis acids, such as AIcb, SnCh, ZnCb, Fd&, or metal 
(Rh, Ru) complexes, can catalytically promote the carboallcoxylation of aliphatic amines with 
carbonates. A major drawback is the methylation of the amine. 
Recently, we have shown that carbon dioxide is an efficient catalyst for the synthesis of organic 
carbonates f?om aliphatic amines and DMC.‘ As this synthetic approach requires mild 
conditions, we have extended our studies to aminohnctional silanes. The correspondi 
carbamates are used as modulators of physico-mechanical properties of polymeric materials. 
C& plays again a quite interesting catalytic role. 
The conventional carboalkoxylatiodarylation of aromatic amines, obtained using Zn, Co, Sn, Al, 
Ti catalyst, has again as major drawback the alkylatiodarylation of the amines. We have found 
that in this w e  organophosphorous acids can be advantageously used as very selective catalysts 
avoiding the alkylatiodarylation process. 

Experimental 
All reaction and manipulation were canied out under the specified atmosphere, by using vacuum 
line techniques. All solvents were dried as described in literature6, and they were stored under 
dinitrogen. 

SynUrcsiS o f R N H c ( 0 ) ~ 3 f r o m  aIiph0iie amines or mninqfknahal sitanes curd DMC in 
thepresencc of COz 
A solution of amine (9.15 ’ lo-’ m o l )  in DMC (10 mL) was prepared under dinitrogen in an 
appropriate flask and, then, saturated with COZ (P,,= 0 1 MPa) to give 
(RCHZ)NH~~C~CNH(CHZR) as white microcrystalline d i d  which was poorly soluble in the 
reaction solvent. The system was heated to 343 K for 5-7 h. Mer cooling to mom temperatures 

? 
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Amine 
(F'hCHz)NHz . 
C6HlLNHZ 
CHz=CHCHzNHz 
HzN(CHz)3Si(OMe), 
HzN(CHzhSi(OEt), 
H~N(CHZ)INH(CHZ~S~(OM~)J 

ReSUltS 
Reactin9 of a&hatic amines towam% DMC in theprmence of w b o n  dioxide 
Saturation of an amine solution in DMC with carbon dioxide gives the Corresponding 
alkylammonium N-alkylcarbamate that reacts with DMC to afford N-alkylmethylcarbamates 
m q .  6,71. 

Yield (?A) Yiild (%) 

SO(343K) 92(363K) . 

27 (343 K) 45 (363 K) 
44 (343 K) 70 (363 K) 

70-80 (348 K) I 
70-80 (348 K) I 
100 (348 K )  I 

2RNHz + COZ ====:  RNH3"OZcNHR (6) 

RNHC'OzCNHR + OC(0Me)z + RNHC(0)OMe + COZ + RNHz + MeOH (7) 
R = benzyl, allyl, cyclohexyl 

The akylammonium N-alkylcarbamate was prepared in situ and, after its precipitation, the 
reaction mixture was heated to the required temperature. The reaction was carried out in 
conventional solvents as THF, CHzCh, and aromatics. Interestingly, the organic carbonate 
(DMC) could be used as reaction solvent. In order to ameliorate the reaction rate and selectivity, 
we have tested different reaction conditions and established that working at temperature higher 
than 343 K and pressure of COz = 0.1 - 0.2 MPa produces best results. In all cases, the products 
have been completely characterised. By-products as ureas, N,N-substituted carbamates, 
secondary and tertiary amines were formed in very low yield (< I%), if not absent. 
Conversely, if aliphatic amines were reacted with DMC under NZ atmosphere the fonnation of 
carbamate esters was completely suppressed and methylation products were formed. 

Renrtivify of aminofindonof s i h e s  towards DMC in the presence of carbon dioxide 
Under mild condition (348 K), aminohnctional silanes as HzN(CHZ~S~(OM~), (l), 
HzN(CHzbSi(OEt)3 (n), HzN(CH&NH(CH&Si(OMeh (m) react with DMC in the presence of 
carbon dioxide to give the corresponding carbamate esters MeO(O)CNH(CHzbSi(OMe),, 
MeO(0)CNH (CHzhSi(OEth, MeO(0)CNH (CH2)2NH(CH&Si(OMeh, respectively. 
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The carbamation reaction is very selective’; no formation of N-mono- or N,N’-di-methylated 
derivatives as by-products has been observed. 
The reactivity of the di-amine @I) was higher than that of amines (I) and @I). In fact, the 
conversion of (ID) into the corresponding carbamate was complete in less than 7 hours. 
When the reactivity of silyl amines towards DMC, at 348 K, was investigated in a dinitrogen 
atmosphere the carbamation reaction was not observed: the formation of N-methylated species 
was the main process. 
The development of new clean methodologies for these products is required by the fact that silyl 
carbamates are more and more used as silane coupling agents and as source of isocyanates, 
largely used in the chemical industry. 

Reactinty of 4,4’-methylendianie (MDA) and 2,kdiaminoidrtene (TDA) towards DPC or 
MPC in the presence of P-ac& 
Aromatic amines show a poorer reactivity towards DPC or MPC in the presence of CO1 with 
respect to aliphatic ones. This behaviour is most probably due to their low nucleophilicity. In the 
presence of catalysts such as Ph8(O)OH, QhO)$(O)OH, (BuOW(O)OH, (BuO)P(O)(Otfh 
aromatic mono-* and di-amine~’.’~ react with DPC and DMC to give the corresponding 
carbamate esters with high yield and selectivity. DPC affords the phenyl carbamate, while 
MPC” affords selectively the methyl carbamate and results to be a much better 
carboxymethylating agent than DMC. 
In order to gather information about the reaction mechanism of mono- and di-carbamate of MDA 
0 with either DPC or MPC, we have carried out a kinetic study. At 363 K, mono-carbamate 
(V) was formed followed by di-carbamate (VI), in very good yield. In absence of the catalyst, no 
reaction was observed. The kinetics is first order in the amine and first order in the carbamate.” 
Carrying out the reaction in THF as solvent, at different temperatum (393,363,323 K) it was 
possible to establish the better reaction conditions for addressing the reaction towards the 
preferential formation of mono- or di-carbamate. 
The temperature affects the selectivity of the reaction. In fact at 393 K, when DPC is used, the 
formation of urea (WI) is observed, produced by reaction of the di-carbamate with mono- 
carbamate. At 363 K, urea is not observed. 
Interestingly, when MPC’O was used, urea was never detected. 

0 
The carbamation reaction was studied using solvents as diethyl ether, phenol or the carbonate 
itself The use of phenol as solvent produces an inhibitory effect on the carbarnation process, that 
results to be very selective when the carbonate is used as solvent., The conversion of the amine is 
quantitative. 
The P-acids used as catalyst have shown a quite different activity, PM(0)OH being the most 
active. In the case of MPC a progressive deactivation of the catalyst was observed after sixteen 
hours. Further addition of catalyst results, in fact, in a significant increase of the rate of 
formation of both carbamates. 
The P&ds shm avay in tadng catalytic actiwty also in the . p ~ x z s s o f T D A W . ’ I h e  
formation of mono- (K) and di-carbamate (X) is observed with high yield and selectivity. 

683 

I I 
NHC(0)OPhMe NHC(0)OPhMe 

@r) (x) 



The formation of (X)  involves the carbamation of two nonequivaient amino goups of the 
aromatic di-amine. We have demonstrated that the amino group in the p a  position is 
functionalised first than that in ortbo. T h i s  is due to the hindrance of the methyl group that 
induces the faster reactivity of the amino group in the para position. 
MDA and TDA carbamates have a large market as they are used as precursors of isocyanates, 
which are monomers for polymers. 

Discussion 
Carbon &xi& rn catalyst 
The results reported above, and the experiments carried out-in absence and in presence of COz, 
clearly demonstrate that carbon dioxide plays a catalytic role in the carbamation of aliphatic 
amines. The kinetic study we have completed" shows that the rate determining step is the 
reaction of carbamate anion with the carbonate m. 81, that bears to the formation of the mixed 
carbamiocarbonic anhydride RNHC(O)OC(O)OMe. Scheme I shows the reactive step. 

Scheme 1. 

Subsequently it is decarboxylated to f o y  the carbamate ester 

RNH~'-OZCNHR + OC(0Meh - RNHC(O)OC(O)OMe + MeOH + R N H 2  (8) 

RNHC(O)OC(O)OMe RNHC(0)OMe + COZ (9) 

The mixed anhydride has been isolated and charactaid. It is stable at low temperature and at 
room temperature, or higher, spontaneously converts into the carbamate with COZ loss. This 
mechanism explains why the incorporation of labelled CO2 in the organic carbamate is not 
observed when RN'H3+Xh%NHR is utilised as the Starting reactant. 
The reaction conditions are quite mild and selectivity is 100%. 

Role of the P-acids in the carbandon process 
Aromatic amines show a lower reactivity towards carbon dioxide, so the carboakoxylation 
process requires suitable catalysts. Phosphorous acid can be considered as bifunctional catalysts. 
A plausible mechanism involves the formation of a carbonic-diphenylphosphinic mixed 
anhydride PhzP(O)OC(O)OPb, that reacts with the free aromatic amines which are convened 
into the carbamate esters, with regeneration of the catalyst. 

PhzP(0)OH + HgNkNHg ==z== PhzP(O)O'%~NArNH2 (loa) 
H2NkNH2 = MDA, TDA 

The catalyst is still active at the end of the several NIIS if the process involves DPC. MPC Can 
cause a progressive deactivation of the catalyst. 
This could be explained considering that in the former case the starting catalyst may be 
convened into P h s o o p h ,  that is also a catalytic species. In the latter, the catalyst converts into 
PhP(0)OMe that has no catalytic properties. 
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Conclusion 
In the presence of carbon dioxide, aliphatic amines and aminofunctional silanes react with 
carbonates (DMC) to give the corresponding carbamate esters. The carbon dioxide catalysis is a 
new, Useful finding. The selectivity is very high. 
This methodology cannot be extended to the &alkoxylation of aromatic amines, most 
probably because they show a lower reactivity towards COZ. Aromatic amines and carbonate c ~ n  
be cmwted into the corresponding carbamate esters in the presence of P-acids as catalyst. 
In both cases, the carbamation reaction is very selective and no formation of N-methyVary1 
SPsles or ureas is observed. 
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INTRODUCTION 
Catalytic hydrogenation of COz has been one of major approaches to diminish the greenhouse 

gas because large amounts of COz can be converted to resources such as methanol and other 
oxygenates compounds by the reaction. However, a direct hydrogenation of CO2 shows low 
conversion, which increases the recycle gas to obtain high methanol productivity. CAMERE 
process (Scheme I) has been developed to form methanol from C@ via a reverse-water-gas-shift 
reaction (1). In the C M R E  process, carbon dioxide is converted to CO and HzO by the 
reverse-water-gas-shift reaction (RWReaction) and then, the produced gas (CO/C03/H2) is fed to 
the methanol reactor after removing the water. Each reactor in the p m s s  has the recycle stream 
to increase C@ conversion to CO and carbon oxide (C@i€O) conversion to methanol, 
respectively. With the gas feeding of CO/COz/H2, the water produced in the methanol reactor is 
chemically eliminated through a water-gas-shift reaction, increasing carbon oxide conversion to 
methanol and then decreasing the recycle gas in the methanol reactor. The methanol productivity 
in the CAMERE process depends on the CO concentration in the feed gas of the methanol 
reactor, which is dependent on the RWReaction conditions, especially the temperature. 

A water-gas-shift reaction has been studied intensively for the last several decades in order to 
adjust for H2/C0 ratio in the synthesis gas (2-4). On the contrary, a reverse- water-gas-shift 
reaction ofEq.(l) has attracted little attention. 

Besides, all the kinetic equations published on the RWReaction have been obtained over copper- 
containing catalysts at low temperatures (5-7). Therefore, we need to develop a mathematical 
model for the RWReaction at high temperature to predict the effects of operating condition 
changes of the RWReactor on the overall performance of the CAMERE process. A mathematical 
form based on a redox mechanism is obtained over Fe~O&kz03 catalyst at 773 K. Apparent 
activation energy for the RWReaction is calculated from an arrhenius plot of specific activities 
acquired over the temperature of 673-823 K, which is 109.8 kl/mol. The CAMERE process has 
been evaluated based on the kinetic equation of the RWReaCtion to find an optimum operating 
condition to form methanol from Cot. 

EXPERIMENTAL 
A commercial Fe~O3/Cr~O3(Fe:Cr..9:1 in molar ratio) catalyst was investigated to obtain a 

kinetic equation for the RWReaction over the temperature of 593-723 K. The catalyst charged in 
a tubular catalytic reactor is heated up to a reaction temperature in the presence of C@ and H2 
before the RWReaction. The RWReactions are performed under the reaction conditions of l a b ,  
temperature of 670-823 K, and W/F (h.h/mol of C@ in the feed) of 0.05-3.7. The absence of 
diffusion limitations is codrmed by changing the size and the amount of the catalyst. 

RESULTS AND DISCUSSION 
The RWReaction is endothermic, and hence conversion of C@ is favored by high reaction 

temperature. Hence the RWReaction should be operated a! high temperature above 773 K to 
keep C02 conversion up to 60%, increasing carbon oxide conversion to methanol in the second 
step of the CAMERE process. The kinetic studies for the RWReaction are performed in an 
integral plug flow reactor over FezOdCrzO, catalyst at 773 K. A redox mechanism is derived 
h m  the best fitting of the experimental data The surface of tpe F~03/Cr203 catalyst is 
successively oxidized by C@ and reduced by HZ by the redox mechanism. For the redox 
mechanism a rate expression is derived h m  that the step, which the catalyst surface was 
reduced by Hz, is a ratedetermining step. The kinetic equation is expressed as follows; 

' 

COz + H2=CO + H20 (1) 

= &PH2 lpco -PHvJ/K 

I lkKI  + Pco>/kPco 
where, k =apparent rate constant of the RWReaction (mol h- 'h - '  ah-') 

K = equilibrium constant of the RWReaction (dimensionless) 
KI =equilibrium constant of the surface oxidation step by C02 (dimensionless) 
r = reaction rate (mol h-lh-'),  P, = partial pressure of i component (am) 

Overall apparent activation energy can be determined fiom the effect of t e m p h u e  on the 
rate for the RWReaction at a constaut composition. Hence the RWReaction is performed with 

686 



temperature over the W/F (h.h/mol of C@ in the feed) of 0.05-1.5. Figure 1 gives the 
experimental data and the values calculated from the kinetic equation for the RWReaction. An 
mhenius type plot of Ln(rate) versus l /r  is obtained from COz conversion with the reaction 
temPeratUre. Figure 2 show the activation energy of 109.77k.Vmol for the RWReaction. The 
activation energy is similar to that of copper-containing catalyst (8). 

The CAMERE pmess has been simulated based on the kinetic equation of the RWReadon 
and carbon oxide conversion to methanol to compare the operating conditions of the CAMERE 
Process with those of a direct C& hydrogenation. We use the published results on the carbon 
oxide conversion to methanol under the reaction conditions of 50 atm and 523 K (9-10). Table 1 
shows the simulation results that are dependent on the presence and conditions of the 
RWReaction. The same amount (14.3 kgmol/hr) of COz and H2 is fed to the direct COz 
hydrogenation and CAMERE process, respectively. In the methanol reactor the recycle gas is 
calculated by subtracting the purge gas (=P) from the downstream gas (=F2). To obtain methanol 
productivity of 2 kg mom the gas of 42.82 kgmolh should be recycled in the direct COz 
hydrogenation process. On the other hand, the gas of 16.27 kgmovh is recycled in the CAMERE 
proms to form methanol of 2.06 kgmovh d e r e  there is no recycle step in the RWReactor 
@I+). Moreover, the recycle gas is further reduced to 10.66 kgmovh when the recycle ratio is 
the one in the RWReactor (Rl=l). It means that the recycle gas for the same methanol 
production strongly depends on the CO concentration in the feed gas of the methanol reactor 
@I). The CO concentraiion is decided by the presence of the RWReaction and the recycle mtio 
(Rl). The CO concentration in the F1 stream increases when the temperature and recycle ratio of 
the RWReaction is increased. With the elimination of water by the RWReaction, the recycle gns 
of the CAMERE process is min imi i  compared with the direct COz hydrogenation process to 
form the same amount of methanol. Therefore, the reactor size to obtain methanol of 2 kgmovh 
in the CAMERE process can be decreased up to one fourth of the one of the direct C02 
hydrogenation process when the product gas of 50?? in the RWReactor is recycled. Table 1 
indicates the relationships between CO concentrations in the feed gas with the recycle gas for the 
same m e m o 1  production. The water produced in direct C@ hydrogenation process is 
comparable with that in the methanol reactor of the CAMERE process, that are 2.3 1 kgmovh in 
the direct process and 0.34 kgmoVh in the CAMERE process (Rl=l) for the same methanol 
production of 2.0 kgmoh, respectively. The pilot plant for methanol production of 5 kg/day i s  
constructed in OUT laboratory. 

CONCLUSIONS 
A rate equation for a reverse-water-gas-shift reaction is obtained based on a redox mechanism 
over FgOJCrz% catalyst at 773 K, which apparent activation energy is 109.8 kJ/mol. The 
CAMERE process has been simulated based on the kinetic equation of the RWReaction and 
carbon oxide conversion to methanol to fmd an optimum operating conditions to form methanol 
h m  C&. With the elimination of water by the RWReaction, the recycled gas in the CAMERJ? 
process is decreased more than four times compared with a direct C@ hydrogenation for the 
same methanol production. 
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INTRODUCTION 

Natural gas, estimated to last well into the 21st Century, is composed mainly of methane and it is 
in direct competition with coal and oil as a fuel for the production of electricity. Use of natural 
gas which contains more hydrogen and fewer carbons than coal and oil will significantly reduce 
pollutants such as C02, SOX, NOx, and trace elements such as Sb, As, Be, C1, Cd, Co, Cr, Pb, 
Hg, Mn, Ni, and Se. 

In recent years there have been considerable efforts to develop catalysts for converting natural 
gas to fuels, fuel additives, and chemicals. Oxidative coupling of methane to ethane and ethylene 
and subsequent conversion of these chemicals to liquid fuel is one approach that has attracted 
great interest.I2 A key to success for an economically viable process is the development of a 
catalyst that converts methane selectively into higher hydrocarbons, preferably ethylene, at a 
higher yitld than current technology. 

Early work at NETL demonstrated that it is possible to convert methane to higher hydrocarbons 
(C2’ products) via oxidative coupling of methane, in which oxygen and methane were fed over a 
catalyst?’ Despite intensive efforts in this area, little progress has been achieved, mainly 
because the products of methane conversion, ethane and ethylene, are more reactive than 
methane and are converted to carbon oxides at a lower temperature compared to methane? 

The other method of producing fuels, fuel additives, and chemicals is via production of synthesis 
gas (a mixture of carbon monoxide and hydrogen) by steam reforming, partial oxidation, or dry 
reforming. Reforming methane combined with the water-gas shift reaction produces syngas 
suitable for synthesis of ammonia, methanol, Fischer Tropsch products, and chemicals. The cost 
of syngas production in converting natural gas to liquid fuels is more than 60% of the total cost. 
Therefore, reducing the cost of syngas will significantly affect the economics of gas to liquids 
processes. Most of these reactions are carried out catalytically and the development of new and 
novel catalysts is very important for utilization of natural gas, particularly for producing liquid 
fuels. 

Recently many researchers have concentrated their efforts toward catalytic reforming of methane 
with carbon dioxide. This process can be very useful for converting thermal energy into 
chemical energy. For example, energy losses in combustiodgasification systems and in 
advanced gas turbines can be captured by reacting natural gas with the by-product of combustion 
(CO,) over a catalyst producing syngas which can be converted into liquid fuels and chemicals, 
ultimately increasing the system efficiency. Although this concept has many environmental and 
economic incentives, unfortunately, there are no commercial processes for reforming of methane 
with CO,. The main problem is that there are several carbon-forming reactions associated with 
this concept that deactivate the conventional steam reforming, nickel-based, catalysts. Nickel 
catalyzes carbon formation via hydrocarbon decomposition and CO disproportionation reactions, 
which greatly contributes to catalyst deactivation, specifically at higher pressures. Methane 
conversion decreases as the pressure increases due to water formation via the reverse water-gas 
shift reaction. Therefore, the challenge is to develop a catalyst which exhibits a high selectivity 
toward hydrogen and carbon monoxide without forming carbon. In this paper we report the 
preparation and testing of catalysts for dry reforming of methane to syngas at atmospheric and at 
higher pressures with and without promoters. 
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EXPERIMENTAL 

Tungsten carbide catalyst was prepared as described in the U.S. patent 5321,161 by mixing 12 
grams (0.03 mole) of tungsten hexachloride (WC16) with 8.6 grams (0.09 mole) of guanidine 
hydrochloride, HN=C-(NH,),HCl.' The mixture was heated from room temperature to 200°C in 
two hours, held at this temperature for two hours, then the temperature was raised to 750 "C for 
seven and one-half hours and held at this temperature for two hours under nitrogen. Molybdenum 
carbide catalyst was prepared by temperature-programmed reduction of molybdenum oxide in a 
flow of 11.6% ethane or methane in hydrogen at a flow rate of 55 ml/min. 

The nickel-based catalysts were prepared &om water soluble nitrate solutions with proper metal 
ratios. A 0.3-m long quartz (1/2"stainless steel tube used for higher pressure) reactor tube (6.35- 
mm o.d., 4.0-mm i.d.) with a quartz thermocouple well was used as a fixed-bed reactor with 
0.01-0.5 grams of catalyst (-28/+48 mesh) held in place by quartz wool. A thermal conductivity 
detector was used with a 1-m by 3.2-mm-0.d. stainless steel molecular sieve SA column and a 
3.66-m by 3.2-mm-0.d. stainless steel HayeSep C (80/100 mesh) column at isothermal oven 
temperatures of 120 and 50"C, respectively. Argon was used as carrier gas at 20 ml/min. 

RESULTS AND DISCUSSION 

A series of carbide and Ni-based catalysts were prepared and tested at several reaction conditions 
for reaction of methane with CO, Pure SIC was tested at 950°C and no significant methane or 
CO, conversions were observed. Higher activity was obtained for pure tungsten carbide, which 
was testeh at 650,750, and 850°C as shown in Figure 1. At temperatures of 650 and 750 "C 
methane and CO, conversions were less than 15% and H21CO ratio was about 0.2. A dramatic 
increase in CH, and CO, conversions plus a H2KO ratio of 1.1 was obtained at higher 
temperatures of 850 and 950°C (not shown). Methane conversion of less than 15% and CO, 
conversion of less than 17% were obtained for commercially produced Mo,C. However, when 
molybdenum carbide was prepared by temperature-programmed reduction of molybdenum (VI) 
oxide with a mixture of 1 1.6% ethane or methane in hydrogen, methane and CO, conversions of 
more than 90% were obtained at 950°C and 1 .O atm. A lower H2/CO was obtained at lower 
temperatures. Molybdenum carbide catalyst was tested for 16 hrs and the results are shown in 
Figure 2. Higher catalytic activity was observed for the catalyst prepared with ethane mixture 
compared to that prepared with methane mixture. Molybdenum carbide supported on Ti02 was 
prepared by mixing MOO, with Ti02 in an ethyl alcohol slurry. The dried mixture was reacted 
with 11.6 vol.% ethane in hydrogen to form carbide. About 90% of methane and 100% of CO, 
were converted to hydrogen and CO with a ratio of 1 .O and the test continued for 2.5 hours at 
900°C without deactivation or forming significant amounts of carbon. 

We also tested two commercial nickel-based catalysts. The results for R-67 are shown in Figure 
3. Similar results were obtained for G-56B catalyst. Although these catalysts showed a similar 
activity and selectivity compared to carbide and noble metal catalysts at temperatures higher than 
8SO°C, none of the experiments lasted more than five hours because a significant amount of 
carbon formed on the catalyst bed plugging the reactor tube. Zero activity in Figure 3 means that 
there was no flow due to carbon formation that plugged the reactor. We prepared a series of Ni- 
based catalysts promoted with alkali and alkali earth metals which were tested for more than 360 
hours at 850°C and at atmospheric pressure. The amount of carbon deposition was reduced 
significantly due to addition of alkali and alkali earth metals. The promoted catalyst was tested at 
7 and 13 atm for 6 hours. Methane and CO, conversions decreased as the pressure increased. 

CONCLUSIONS 

A series of carbide and Ni-based catalysts were prepared and tested at several reaction conditions 
for reaction of methane with CO,. The Ni-based and carbide catalysts were very active and 
selective for producing syngas. However, a significant amount of carbon formed on the 
commercial Ni-based catalysts, plugging the reactor after five hours on stream. The amount of 
carbon deposition was reduced significantly due to addition alkali and alkali earth metals. 
Methane conversion decreased as the pressure increased, due to water formation via the reverse 
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water-gas shift reaction. Molybdenum carbide catalyst appeared to be stable for ten hours, at 
atmospheric pressure, and after that methane and CO, conversions slowly decreased due to 
oxidation of molybdenum carbide to molybdenum oxide. 
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ABSTRACT 

Experiment has coniirmed that the COz plasmas can generate a plentiful of active oxygen species 
and other active plasma species for further reaction with other reactants, l i e  methane, low 
alkanes and others. These reactions leads to a formation of more valuable chemicals, lie 
ethylene, propylene and oxygenates. The characteristics of C@ plasma reactions have been 
addressed therefore in this paper. To be our surprised, the experiment has shown that the COz 
plasma is an excellent “catalyst” for the conversion of low alkanes to alkenes (esp., ethylene and 
propylene). To the knowledge of authors, this is the first report of this kind of experiments that 
could lead to a novel method for the utilization of COz and low alkanes. The present yield of 
alkenes achieved has been competitive to that h m  the conventional catalytic dehydrogenation 
of low alkanes. 

INTRODUCTION 

Any succkss in research and development of a feasible utilization of carbon dioxide will signify 
the attainment of objectives of slowing down a build-up of greenhouse gases in the atmosphere 
and better carbon resource utilization. Due to the difficulty in the utilization of carbon dioxide 
via the conventional catalysis, plasma approaches for the COz utilization have been paid more 
and more attentions[’-’o1. Within these plasma C02 utilization, an indirect utilization (via syngas) 
and a direct utilization have been investigatedl’l. The plasma COz utilization is being 
demonstrated to be an efficient method. In addition, the plasma flue gas treatment has become an 
indushilized operation. If more valuable chemicals can be directly produced from such plasma 
C@ utilization, the C q  emission control will become compensable. In this presentation, the 
recent progresses in converting of C02 into more valuable chemicals using dielectric-barrier 
discharge (DBD) plasmas has been reported. It has been found that C@ is a very good reactant 
within gas discharge plasmas for organic synthesis. 

EXPERIMENTAL 

The DBD is one of non-thermal plasma phenomena, which has been considered very promising 
for organic chemical reactions because of its non-equilibrium properties, low input power 
requirement and its capacity to induce physical and chemical reactions within gases at relatively 
low gas  temperature^[',^*^^. Figure 1 illustrates the reactor system. The feed gas flow is subjected 
to the action of the DBD in an annular gap formed between an outer stainless steel tube 
maintained at constant temperature and an inner quartz tube. The radial width of the discharge 
space was 1 mm, its length 5Omm - 300 mm. This reactor system is very similar to the DBD 
reactor for methane conversion described elsewhere[4”. All the experiments were conducted at 
atmospheric pressure. The feed and exhaust gases were analyzed by gas chromatograph (Mn 
M2OOH and HP 4890) with a thermal conductivity detector (TCD) and a flame ionization 
detector (FID). The exhaust gas from the reactor was fmt introduced into a condenser to separate 

Dielectric-b@er material ’ 

Grounded klectrode 

Figure 1 Schematically representative of DBD reactor system 
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the condensable product from the gas. The power is applied by a high voltage generator working 
at about 25 WIZ. The power can be varied by adjusting the voltage amplitude which causes a 
slight change of frequency. The voltage and current measurements were conducted using a high 
voltage probe (Tektronix P6015) and a current probe (Tektronix CT-2) with a digital 
Oscilloscope (Tektronix TDS 210). 

RESULTS 

we have previously reported a direct liquid fuel synthesis h m  methane and carbon dioxide via 
DBDs.'" During this liquid fuel synthesis, the formation of ethylene and propylene, that is very 
hportant chemicals, have been observed. Upon the feed ratio of carbon dioxidehethane, a 
significant amount of oxygenates has also been detected. Figure 2 shows the effect of feed ratio 
of COdC& on the conversions and selectivities. It is clear that a lower CWC& feed ratio leads 
to a higher selectivity of ethylene and propylene. The highest selectivity of ethylene and 
propylene presents under the feed of pure methane. However, the methane conversion with the 
pure methane feed is low. The addition of carbon dioxide significantly increases the methane 
conversion but reduces the selectivity of alkenes. A mixture of oxygenates including methanol, 
DME, formaldehyde and so on has thereby been produced. Table 1 shows a summary of 
selectivities based upon the oxygen balance. The higher COz amount in the feed will induce a 
larger selectivity of oxygenates. Further investigations are beiig conducted to improve the 
selectivity of desired oxygenate, e.g. methanol. To get a higher selectivity of alkenes, a lower 
CO2 feed amount is suggested. In addition, the use of zeolite within the DBDs and changes in 
other plasma reaction condition can increase the selectivity of alkenes. We will report it in the 
near future. 
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Figure 1 Effect of C@/C& feed ratio on the selectivities based on the carbon balance 
(input power: 5 0 k ,  feed rate150 de gas temperature: 150'C; gas pressure: 1 bar) 

Table 1. Effect of COz/C& feed ratio on the selectivities based on the oxygen balance 

Selectivity (%) 
C02/C& co HzO Oxygenates 

0 
1 /4 61.5 24.2 14.3 
1 /3 59.9 21.1 19.1 
112 64.1 22.3 13.5 
1/1 47.8 15.7 36.4 
211 43.3 12.7 44.0 
4/ 1 41.1 9.2 49.7 
0 100.0 
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It is generally accepted that the ethylene and propylene are from the secondary reactions of ethane 
and propane. The initiation reactions are thought to be the DBD-induced plasma dissociation of COS 
and C& to generate various radicals, like methy!, ethyl, propyl radicals and so on. A hydrocarbon 
chain growth reaction is thereby induced to produce ethane, propane and other higher hydrocarbons. 
Especially, the DBDs can generate a significant amount of active oxygen species h m  the following 
plasma C q  reactions: 

e + CO;! + rca-1’ + 0- + co (1) 
e + COz + CO + 0 + e  dissociation (2) 

dissociation attachment 

The oxygen species 0 and 0. are being of excited state or metastable state. These plasma species 
are very active for the dehydrogenation of alkanes and lead to the formation of ethylene and 
propylene. Experimental investigations have confi ied there are at least two kind of oxygen 
species produced in the DBDs h m  carbon dioxide: one leads to the formation of alkenes and 
oxygenated hydrocarbons and the other induces the complete oxidation of hydrocarbons. A 
comparative investigation has been conducted to study the decomposition of pure carbon 
dioxide. It has been found that the plasma decomposition of pure carbon dioxide in some of our 
reactor designs is higher than that of cabon dioxide and methane or other alkanes (ethane and 
propane conduced in this investigation) at the same reactive conditions. For example, a CO2 
conversion is 18% with pure C02 feed, while the CO;! conversion reduces to 10% with a mixture 
feed of carbon dioxide and low alkanes. It can be considered that the COz plasma could be a 
good catalyst for the conversion of alkanes. A high conversion has been achieved. The challenge, 
however, is that plasma is a complex mixture of electrons, radicals, ions, photons and others. 
Especially, the products (alkenes or oxygenates) J?om plasma C& utilization using alkanes as 
hydrogen sources are easily to be destroyed by plasma species. It is very necessary to exploit 
how to control the activity of each plasma species. A special “quenching” has been successfully 
applied in our investigation on the conversion of low alkanes (ethane and propane) with C02 
plasma and a selective production of alkenes has been achieved. The high selectivity of alkenes 
(as high as 80%) can be competitive to the conventional catalytic conversion of low alkanes. 
Table 2 ,shows a result of effect of COz/C& feed ratio on the selectivity of propylene. The 
products from this DBD conversion of carbon dioxide and propane only contain propylene, 
water, carbon monoxide and a small amount of iso-butane. Compared to hundreds of components 
producd4], this is a significant improvement in the organic sjnthesis via non-thermal plasmas 
and could lead to a practical application of plasma synthesis of more valuable chemicals from 
low alkanes and carbon dioxide. 

Table 2 Effect of carbon dioxide/propane ratio in the feed on the selectivities 

ID 11.0 7.3 77.2 16.3 6.5 

1/1 10.9 9.2 12.9 19.7 7.4 

CONCLUSION 

The potential of the utilization of C02 plasma has been demonstrated in this investigation. Due to 
the low price of present oil market, the synthesis of liquid h m  methane and carbon 
dioxide would not be a good option. The production of more valuable chemicals, like ethylene 
and propylene, is a better choice for the utilization of carbon dioxide, together with the 
utilization of low alkanes, especially methane, ethane and propane. It can be considered this as 
an important innovative alternative technology to produce ethylene and propylene. 
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Abstract: The reduction of carbon dioxide emission requires the implementation of several 
convergent technologies in different production sectors. The chemical industry can contribute to 
the issue with innovative synthetic technologies, that implement the principles of atom-economy, 
dematerialisation, energy saving, and raw material diversification with carbon recycling. The 
innovative synthetic methodologies merge the issues of avoiding the production of COz and 
carbon recycling, through carbon dioxide utilisation. 
In this paper, some options will be discussed, namely the synthesis of carboxylic acids, organic 
carbonates, and carbamatedisocyanates. The synthesis of methanol fiom COz and CO will be 
compared. 
Keywords: carbon dioxide, innovative syntheses 

Introduction 
The implementation of innovative synthetic technologies based on COZ can considerably 
contribute to the reduction of carbon dioxide emission. The avoided amount is not simply 
represented by the amount of COZ fixed. As we have already discussed, the assessment of the 
exact amount of avoided COZ requires an integrated approach which takes in consideration 
several parameters, as shown in Scheme 1. ' 

Amount of COz Tied pert  reacted 

1 - Y + Z  

Y = c (e, %a epi. %, . ..) 
Z = C (G, %i, +, ... ) 
as COZ equivalent 

"e,= energy of reaction; %c= energy of O t h R  mgenis; s= energy of pLui!icatio& e, = enagy of waste heatmcnt; 40 = energy 
of substiluted reagents and solvents; e, = varialion of the reaction en= with respect to the Syntaesis that does not use Cq; 
&= variation of wastehrahnmlt m, €+= variation ofaprgy of purificaton" 
Scheme 1. 

The exact evaluation of each parameter can be only made by using a methodology like Life Cicle 
Analysis, L C q  that demands an exhaustive basis of process-data, including emission, energy 
and mass data.* 
New synthetic methodologies that implement the principles of atom economy, solvent shift, 
waste minimisation at source, use of less noxious materials and carbon recycling, contribute to 
COz reduction in many different ways, that cannot be discovered and quantified by simply 
looking at the stoichiometry of a reaction. 
The target compounds considered in this paper are: organic carbonates, carboxylic acids (long- 
chain aliphatic, or mono- and di-carboxylic aromatic), carbamates and isocyanates. They are 
today prepared using quite energy- and material-intensive synthetic methodologies, while could 
be synthesised by using more eco-efficient and economic pathways, including those based on 
carbon dioxide. 
The last section of the paper will be devoted to the analysis of methanol synthesis from COz and 
co. 
Discussion 
Monomeric (linear 1 and cyclic 2) and polymeric organic carbonates 3 have a market of CQ. 1.8 

ROC(0)OR 

1 2 3 

MVy, bisphenol-A-polycarbonate being by far the largest commercialised product 

However, the large majority of the production of non polymeric carbonates does not reach the 
market, as they have a captive use as solvents and internal commodities. 
The large majority of the products is produced by the old phosgenation of alcohols, (Eq. 1) 

2 ROH + COClz - PO), CO + 2 HCI (1) 
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a technology that has a positive aspect in the high reactivity of phosgene, and black spots in the 
high energy requirement for the synthesis of chlorine, the limitation to the transport of phosgene, 
the Safety meaSures required for the use of phosgene, the chloride and halogenated solvents end- 
Production These aspects may be a barrier to further enlargement of the technology exploitation 
and to a many-purpose use As a matter of facts, the limitation to the transport of phosgene, 
conwmtes its use at its production site and has encouraged the building up of small-medium- 
units that  an be mounted at the customer site This is not the solution to problems 

Alternative syntheses are now on stream based on the oxidaiive-carbonylation of methanol 
(ENIChem and Ube processes) 
The synthetic approaches proposed in this paper consider the reaction of alcohols (Eq Z), ethers 
(Eq 3), or urea with carbon dioxide (Eq 4), the reaction of ketals with carbon dioxide and. 
alcohols (En 5),  and the oxidative-carboxylation of olefins (Eq 6) 

2ROH + COz + (RO)zCO+HzO (2) 

RzO + COz - (RO)zCO (3) 

O 2 C O  + 2 ROH - (RO)2CO + 2NH3 (4) 

RR'C(OCHzCHz0) + CO, + 2 R"OH - RR'CO + HOCHzCHzOH + (R"0)zCO (5 )  

RHC%Hz + % 02 + COz - RHC-CHzOC(0)O (6) 

All these syntheses are characterised by a high atom efficiency The only by-product is water 
This is true also for reaction 5,  in which the ketone and glycol can be reconverted into the ketal, 
that is used as promoter of the reaction of carbon dioxide with alcohol 
Reactions 3 and 5 avoid the water formation in the reaction medium, that can be crucial for 
equilibrium shift 
Processes based on reactions 2-6 are more eco-efficient than existing ones and are characterised 
by an atom economy close to 100% The phosgene based technology (Eq I), quite attractive for 
the easy reaction conditions and high yield, as reported above, has week points in the fact that it 
is energy intensive and produces undesired chloride ions and waste chlorinated solvents These 
attnbutes may not guarantee that phosgenation will continue to be the leader technology in the 
hture and will be able to cover the demand of carbonates that is expanding, especially for the 
production of speciality chemicals and DMC 
The use of carbon dioxlde is a be-tter o p o n  wth respect to both phosgene and carbon monoxlde 
CO, can be recovered ffom indusbial plants, responding, thus, to the principle of recovery and 
recycling, and to the international agreement of reducing greenhouse gases emission 
This goal is met not only for the recycled fraction of carbon dioxide, but also, and essentially, for 
the avoided use of natural resources, necessary for the synthesis of carbon monoxide or 
phosgene, and, the reduced production of waste 

A preliminary Life Cycle Assessment, LCA, study performed considering reactions 1, 2 and 4 
has clearly shown that reaction 1 has an impact factor much higher than reactions 4 and 2, (Fig 
1) the key steps responsible for such hqh impact being the energy required for *e synthesis of 
chlorine, and the production of chloride 

DMC production 
m o m  methanol production) 

4WEm 
35oEm 
3mEm 
2 %Em 
ZCQE€Q 
1 % E a  
1 W E m  

ONulnlicatwn 
OAcldifmtron 
OOwne 

1 2 3 

Figure 1. LCA of alternative synthetic pathways for the synthesis of DMC. 
1: DMC from phosgene and methanol; 2 DMC from urea and methanol; 
3: DMC ffom methanol and CQ. 
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Long chain mono- and di-carboxilic acids, 4 and 5 respectively, are high quality products with a 
major use in polymer chemistry. 

HOOC(CHz),,CH, HOOC(CHz),,COOH 
4 5 

Presently, the latter are synthesis4 by oxidation of di-alcohols @q. 7) or cyclic alkanedalkenes 
(Eq. 8) by oxidative ring cleavage with formation of the two carboxylic hnctionalities. 

HOH2C(CH&CHzOH Ox_ HOOC(CHz),,COOH (7) 

Such processes are neither atom-efficient nor selective. Such non-convergent and destructive 
synthetic approach, with high waste production, is a major draw-back that cancels-out the 
advantages of the use of heterogeneous catalysts. An analogous situation exists for long chain 
mono-carboxylic acids that find a wide application as additives, and in the production of 
surfactants. 

The use of dienes and carbon dioxide as substrates (Eq. 9) brings in the great advantages of 
atom-economy and ~electivity.~ 

Such synthetic approaches are now known for lactones and can be also used for both the 
synthesis of either di- or mono-carboxylic acids, by changing the catalyst and controlling the 
reaction conditions. C-5 or C-9 mono-carboxylic or C-10 di-carboxylic acids can be prepared in 
mild conditions &om butadiene and &n dioxide. Longer chains can be also built up, 
according to the metal used. (Scheme 2) 

Scheme 2. Metal catalysis in butadiene-C& chemistry. 

The reaction is controlled through the use of specific ligands on the metal centre 
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Aromatic mono- and di-carboxylic acids are prepared using drastic oxidation reactions (Eq. 10) 
with low atom efficiency. 

The side chain oxidation of alkyl-aromatic compounds (FQ. 1 I), which may yield different type 
of oxygenated organic chemicals, pertains to a large number of industrial intermediates 
addressed to the manufacture of plastics, fibres, pharmaceuticals, agrochemicals, etc. 

At present, these oxidation reaction, namely to obtain the correspondent aromatic acids, are 
commercially carried out both in the gas and liquid phase. G a s  phase processes adopt fixed or 
fluidised-bed, on VZO' based catalysts, with air as oxidant, at temperatures ranging fiom 350 to 
550 "C; liquid phase oxidation routes, usually with metal salt catalysts dissolved, adopt milder 
reaction conditions,110-180 "C, pressure up to 2 MF'a. Soluble acetates or naphthenates of Co, 
Mn, or Mo are generally used with bromine-based co-catalysts. Carboxylic acids, mainly acetic 
acid, are added as solvents. Benzoic and phtalic acids or anhydride production, accoUnting for 
more than 16 Mt/y, rely on these current technologies, by processes with relevant objections for 
what concerns the formation of polluting effluents, the use of corrosive conditions due to the 
aggressivity of the reaction medium employed, the low or moderate selectivity in the synthesis of 
partially oxygenated intermediates, such as ketones and aldehydes, the low or moderate 
conversions, due to the necessity to maintain the reaction system outside the explosion limits. In 
addition some of these processes are not continuous. 

The oxidation of oleiins with dioxygen is a process that has found a seldom exploitation like in 
the synthesis of ethylene oxide.' In most other cases, peroxides are used as oxidants with high 
costs. The oxidation of olefins with dioxygen and COz (Eq. 12) may bring in positive results.6 

RCH=CH2 + 0 2  + COz - (12) 

The use of SC-COZ may add some more benefits for what concerns critical aspects difficult to 
drive in solution, namely: the control of the reaction selectivity (one- or two-oxygen transfer to 
the substrate), yield, working conditions, eventual radical life-time control. 
Moreover, the use of SC-COZ offers a unique opportunity of using carbon dioxide as solvent and 
reagent. 

Another area of application for carbon dioxide is the use in the synthesis of methanol that is 
actually synthesised %om CON2 mixtures. (Eq. 13) Methanol may have a large market as fuel 
and chemical and its synthesis ffom carbon dioxide attracts the attention and interest of several 
research groups around the world in order to define the potential. 

CO + 2Hz - CH3OH (13) 

The use of carbon dioxide @q. 14) has as major draw-back the higher consumption of 
dihydrogen with respect to CO. 

COz + 3Hz - CH30H + HzO (14) 

However, higher selectivity and better yields may counterbalance such apparent negative point. 
We have performed a LCA study of the possible synthetic methodologies of methanol7 and 
found that the most eco-efficient synthesis is based on the use of a mixture of C0:CO2=2: 1. 

Conclusions 
All the synthetic methodologies described above respond to the enviro-economics principles. 
They are characterised by a great level of innovation and promote the corporate image of the 

70 1 



chemical industry as they couple the reduction of carbon dioxide emission and waste 
minimisation at source with possible recycling of carbon. Their implementation is on a time 
scale short to medium, with great benefits for the chemical industry. 
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ABSTRACT 

The pH of red mud, waste from the Bayer process for alumina manufacture, can be lowered by 
contacting the aqueous red mud slurry with liquid carbon dioxide. The carbonic acid that forms 
in the water in he presence of liquid CO2 @H of 2.8 - 2.9) neutralizes the basic compounds of 
the red mud via the formation of metal carbonates. The pH of a 45% red mud slurry can be 
reduced from 12.5 to a stable value of 9.0-9.5 via the contact of liquid COz at.298 K and 6.7-10 
MPa. The required reaction time is 5-1 5 minutes if the slurry is well mixed with the liquid COz: 
The carbonates were not removed from the red mud because pH reduction was the only process 
requirement. The approximate amount of sequestration is about 2.3 gr C02 per 100 gr 
dewatered red mud. 

' INTRODUCTION 

The Bayer process, developed by Karl Josef Bayer 110 years ago, remains the most widely used 
means of manufacturing calcined commercial alumina from bauxite (40-60% A1203). Typically, 
the alumina in the crushed bauxite feed is dissolved aqueous caustic soda at high temperature. 
Red mud, the insoluble impurities of bauxite, is then separated from the soluble alumina and 
caustic soda and washed. The soluble sodium aluminate is then partially hydrolyzed, yielding an 
aluminum trihydroxide precipitate. Calcination of the aluminum trihydroxide yields the 
anhydrous alumina product (Anderson and Haupin 1985). Aluminum is subsequently produced 
by the electrolysis of alumina. 

The major by-product from the Bayer process is red mud, the insoluble residue of the alumina 
extraction from the bauxite (Hind et al.1999, Prasad et a1.1996). Approximately 70 million tons 
of red mud is generated annually throughout the world. Red mud disposal methods include 
traditional closed cycle disposal (CCD) methods and modified closed cycle disposal (MCCD). A 
new class of dry stacking (DS) technology has also emerged which requires much less land. 
Problems associated with the disposal of red mud waste include its high pH (12-13), alkali 
seepage into underground water, safety in storage, and alkaline air borne dust impact on plant 
life. Efforts to ameliorate red mud typically and possibly. use it as a raw material usually 
incorporate a pH-reduction processing step (Wong and Ho 1994, Vachon et al. 1994, 
Kownanova, et al. 1997, Rodriguez et a1.1999). Various aqueous acidic solutions have been 
considered for this application, including acidic industrial wastewater (Wong and Ho 1994). The 
use of carbonic acid has also been considered. Gas phase CO2 or CO2-containing flue gas has 
been bubbled through aqueous slurries to form carbonic acid in the aqueous phase (Szirmai, et al. 
1991). The carbonic acid results with basic components of the red mud, lowering its pH. 
However, the pH of water exposed to gaseous C02 is not likely to drop below 5.5 
(approximately), and hence the rate of reactiodneutralization of the solids in the aqueous sluny 
is typically not fast enough to satisfy industrial needs. At the short contact times which industrial 
process rates demand, only a fraction of the alkaline material in red mud is neutralized using 
gaseous COz. Hence although the pH of the aqueous phase drops rapidly upon exposure to CO2 
gas, it soon rises again to unacceptable levels as additional alkaline material leaches from the 
mud 

n e  focus of this investigation was the use of high-pressure liquid carbon dioxide, rather than 
vapor phase carbon dioxide, for the pH reduction of red mud. The pH of water in contact with 
liquid COz is 2.80-2.95 over the 298-343 K temperature range and 70-200 atm pressure range 
(Toews, et al. 1995). This is significantly lower than the pH of 5.0-5.6 that can be attained with 
gas-phase carbon dioxide. Therefore, we expected that a more rapid and effective neutralization 
of the red mud would be achieved using liquid carbon dioxide. The apparatus used for this 
remediation would need to operate at elevated pressures, however. 
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MATERIAL AND METHODS 

Dewatered red mud was provided by Alcoa. Its approximate composition is provided in Table 1. 

Table 1.  The Composition of the Red Mud Sample 

Compound Formula 

Hematite Fe203 
Alumino-geothite (Fe,AI)OOH 
Sodalite 3Na20*3A1203*6Si02*Na2SO4 
Tricalcium aluminate 3CaO*A120;*6H20 
AnataseRutile Ti02 
Calcite CaCO3 
Quartz Si02 
Boehmite A1203*H20 
Gibbsite A1203*3H20 
Kaolinite A1203*2Si02*2H20 
Muscovite K20*3A120~*6Si02*2H~0 

Content 
In Red Mud 
10-30wt% 
10-30 
4-40 
2-20 
2-15 
2-10 
0-30 
0-20 
0- 5 
0- 5 
0-15 

MW 

160 
75 

994 
378 
80 

100 
60 

120 
156 
258 
796 

Two slurries were prepared from this sample by mixing it with distilled water. The 45wt% red 
mud and 10% red mud slurries had pH values of 12.5 and 11.8, respectively. The slurry was 
contacted with liquid carbon dioxide at 297 K and 10 MPa in an attempt to neutralize both the 
free soda and bound soda in the red mud. In a typical experiment, 40 gr of the sluny and 40 ml 
of liquid carbon dioxide at 297 K at 10 MPa psia were introduced to a variable volume, 
windowed cell. This amount of carbon dioxide used was sufficient to keep the aqueous phase 
saturated (with C02, and a clear liquid carbon dioxide phase resided above the slurry in each 
experiment. The system was then gently mixed via rocking throughout the duration of the 
treatment, which ranged from 1 minute to 4 hours, at 297 K and 10 MPa. After specified 
reaction time had elapsed, the mixing was stopped and the liquid C02 was slowly vented from 
the top of the vessel. 

In order to estimate the amount of liquid C02 that was sequestered during this experiment, a non- 
sampling, COz material balance experiment was conducted. The initial pressure of t h ~ s  
experiment was set at SO00 psia. In the control experiment, only water and C02 were introduced 
to the cell. The pressure in the cell dropped due to cooling of the vessel (which was heated as the 
C02 was compressed into the sample volume) and dissolution of the COS into the aqueous phase. 
The experiment was then repeated with the same amount of water and carbon dioxide, but with a 
specified amount of dewatered red mud. The pressure in the vessel dropped more rapidly and 
reached a lower limiting value due to the neutralization reaction that removed C02 from the 
liquid phase and transformed it into a carbonate via the formation of carbonic acid and reaction 
in the aqueous phase. The additional pressure drop, temperature, initial pressure, knowledge of 
C02 density as a function of temperature and pressure and volume of liquid C02, were then used 
to perform a material balance that indicated the amount of C02 that formed carbonates. 

A one-liter fixed volume cell with turbine impeller mixing was employed for the neutralization 
experiments because of the poor mixing observed during the rocking of the smaller, variable 
volume view cell. Approximately 900 gr of the 45% red mud slurry was introduced to this 
vessel, which was then blanketed with liquid carbon dioxide. The aqueous slurry and the liquid 
carbon dioxide were mixed at 297 K and 6.7 MPa using several axial flow impellers spinning at 
300 rpm. 

RESULTS 

The pH reduction results for the smaller vessel with mixing by rocking are illustrated in Figures 
1 and 2. The results, shown on the following figures, indicate that 
( I )  there is a reduction in pH immediately following the exposure to liquid C02, 
(2) the pH slowly rises and then levels off following the treatment due to the release of bound 

(3) the 10% red mud slurries approached an equilibrium pH of approximately 9, regardless of the 

(4) the efficiency of the treatment was comparable for all of the 1 Owt% red mud slurries 
(5) the 45% red mud slurries approached an equilibrium value, with lower pH values attained for 

solutions that were mixed for longer times during treatment (e.g. 4 hr. of mixing was required 
to attain an equilibrium pH of 9 

soda via desilication, 

duration of the mixing 
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The material balance experimental results are shown in Figure 3. The difference between the 
curves represents a “sequestration” of carbon dioxide. Using the data at 5000 minutes, 
approxhately 2.3 grams or C02 can be sequestered for each 100 grams of dewatered red mud. 

The effect of neutralizing the red mud with more vigorous mixing is shown in Figure 4. 
Reaction times of 5-1 S minutes were capable of lowering the ultimate pH value to approximately 
9.5, as opposed to the 4 hours required to lower the pH to 9 with poor mixing (Figure 2). The pH 
of the treated mud reached its equilibrium value within two weeks of treatment as shown in 
Figure 4, while several months were required for equilibration of the sample that was poorly 
mixed (Figure 2). 

DISCUSSION 

The neutralization of red mud can be achieved with liquid carbon dioxide at ambient temperature 
due to the pH value of carbonic acid at high pressure being in the 2.8 - 2.9. As expected and 
previously reported for red mud treated with gaseous C02, the pH of the red mud was close to 7 
immediately after the treatment, it soon rose again as additional alkaline material leached from 
the mud. Effective treatment was obtained within minutes by reducing mass transfer limitations 
with vigorous mixing with impellers, rather than rocking the contents of the vessel. The process 
simultaneously remediated the red mud while sequestering about 2% (based on dewatered red 
mud mass) C02. The process requires the use of high pressure, corrosion resistant equipment, 
however, and power for the operation of the high-pressure pumps. 

CONCLUSIONS 

Liquid carbon dioxide was more effective for pH reduction of red mud than vapor phase C02 
because carbonic acid pH values less than 3 can be realized with high-pressure carbon dioxide 
(6.7 - 10 MPa in this study). The initial red mud pH of 12-13 was lowered to 7-8 immediately 
after treatment, then slowly rose to values of 9.0-9.5 due to dedication reactions of the treated 
red mud. The processing time was reduced to 5-15 minutes using vigorous mixing of the liquid 
carbon dioxide and aqueous red mud slurry. Approximately 2 gr of carbon dioxide per 100 gr of 
red mud were bound in carbonate products when the process was conducted at 297 K. 
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Liquid C02 at 297K and 10 MPa 
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Time after treatment(days) 

-U- . IO% red mud slon. 
no treatment 

+20g 10% red mud 
soln. 20cc liq. 
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-X-40g 10% red mud 
soh. 40cc liq. 
C02,4hrs 

--O - 409 10% red mud 
soh. 40cc liq. 
C02,lOmin 
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Figure 1 .  pH reduction of 10% Red Mud Slurries, Small Vessel, Poor Mixing via Rocking 

pH vs Time 
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Treatment: 
Liquid C02 at 297K and 10 MPa 

6 7 1  , , , , , , , 
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Time after treatment(days) 

-A - 45% red mud 
soh. no 
treatment 

-409 45% red 
mud soh. 
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-409 45% red 
mud soh. 
9 . 4 8 ~ ~  liq. 
C02, Imin 

-409 45% red 
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1 1 . 1 5 ~ ~  liq. 
C02, 10min 

Figure 2. pH Reduction of 45% Red Mud Slurries, Small Vessel, Poor Mixing via Rocking 
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Figure 3. ,Pressure Decline Measurements at 298 K, 10 ml C02,43 gr Water, Difference 
Between the Curves Corresponds to the COz in Liquid C02 that Formed Carbonates 
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Figure 4. pH Reduction of 45% Red Mud Slurries, Large Vessel, Vigorous Mixing with 
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INTRODUCTION 
The sequestration of greenhouse gas emissions in the 21st century, in particular carbon 

dioxide (CO,), will have a profound influence on the environmental'impact of electric power systems 
within the United States and abroad. Within the U. S . ,  nearly one-third of all anthropogenic or 
human-caked CO, emissions are generated by electric power systems estimated at 6 GtClyear (I). 
Large economic benefits will continue for the U.S., when and how CO, sequestration technologies 
will be implemented, thus, securing inexpensive and plentiful sources of fossil-fuel-based electric 
power. 

As participants in the Mineral Carbonation Study Program within the United States 
Department of Energy (DOE), the Mineral Carbonation Research Cluster has focused its carbon 
sequestration efforts on developing a long-term mitigation strategy. Our approach employs reacting 
abundant magnesium-rich silicate minerals in an exothermic reaction with CO,, forming 
thermodynamically stable and environmentally benign mineral carbonate products. Drawing on 
mineral carbonation to reduce CO, emissions has a myriad of potential advantages. Mineral 
carbonation mimics the natural weathering of rock. Mineral carbonates, the principal product of the 
process, are known to be stable over geological time periods (millions of years). For this reason, 
mineral sequestration ensures permanent fixation rather than temporary storage of CO, guaranteeing 
no legacy issues for future generations. Readily accessible deposits of magnesium silicate minerals 
exist as ultramafic complexes along the eastern and western coastal regions of North America (2,3). 
Globally, these natural raw materials for binding CO, exist in grand quantities. Therefore, readily 
accessible depositsloutcrops exist worldwide in quantities that far exceed even the most optimistic 
estimates of coal reserves. Finally, the overall mineral carbonation process is exothermic and hence, 
has the potential to become economically feasible. 

The aim of DOE'S Mineral Carbonation Program is to generate a valuable knowledge base 
that can lead to development of cost-competitive mineral CO, sequestration methods. In achieving 
this goal, mechanisms, kinetics, and heat requirements of various CO, mineral reactions must be 
understood well enough to identify feasible reaction pathways and to permit engineering process 
development. A secondary and equally significant target is to acquire knowledge essential to 
understanding the reactions of CO, with underground minerals, in support of the U.S. ' DOES 
geological sequestration programs where CO, may be injected into deep saline formations, or 
depleted oil or gas reservoirs. Knowledge of the reaction characteristics of CO, with various 
minerals at elevated pressures and temperatures such as those found deep underground would help 
predict the long-term effects of such practices. 

Experiments investigating the reactivities of olivine and serpentine in aqueous and bicarbonate 
aqueous solutions under supercritical CO, pressures were conducted to help determine effects of 
particle size, Pco,, temperature. and solution chemistry. Here we summarize published continuous- 
stirred-tank-reactor (CSTR) results (43)  for reactions of ultramafic minerals with supercritical CO, 
and, for comparison, with a lignite fly ash. 

MATERIALS AND METHODS 
All mineral carbonation reactions were performed in Hastelloy C-276 autoclaves. Tests were 

conducted at subcritical (Pco2 = 51 atmospheres) and supercritical CO, (Pco2 = 80, 126, and 136 
atmospheres) pressures; reaction temperatures of 155'. 18S0, and 230'C and residence times ranging 
from 3 to 144 hours. In a typical experiment, finely ground minerals and water (1520% solids 
concentration) were charged into the CSTR. The CSTR was immediately sealed, purged with 
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gaseous co, ,  weighed (tare weight), and submerged into an ice bath. Liquid Cot  was Carefully 
injected through the side port of the autoclave while heating to a pre-calculated process tmperature 
and Pressure. The minerallwaterlliquid CO, mixture was sufficiently agitated during heat up to 
Prevent any settling of magnesium-enriched solids. A modified CTSR system to include a c0, gas 
booster Pump and pressure switch was latter designed and operated under relatively constant CO, 
Pressures. The addition of the gas booster pump permitted successful operation at an operating 
Pressure of 126 atmospheres (Pcm = 115 atmospheres). 

RE+WJLTS & DISCUSSION 
The Conceptual process for sequestering CO, as mineral carbonates was initially proposed by 

O’CoMor, et. al. (4.5) utilizing olivine, water, and supercritical carbon dioxide. In this method, 
injected CO, is dissolved in a slurry of water and mineral reactant, such as olivine. The CO2 reacts 
With the ohinelwater mixture forming carbonic acid, which dissociates into hydrogen cations and 
bicarbonate anions. Reaction of carbonic acid with the solid mineral consumes most of the hydrogen 
cations and liberates equivalent amounts of magnesium cations. These M?+ cations react with the 
HCO,’ to form magnesite (MgCO,). Under supercritical CO, pressures, carbonic acid is 
COnti~UOUSly being generated, consumed, and regenerated. The reaction sequence is concluded: 1) 
when the reactive surface of the mineral particle is depleted or 2) becomes inactive by mass transfer 
resistance (i.e., formation of a foreign oxide coating on the surface of mineral reactant particle). The 
acid-base chemistry for Mg,SiO, and Mg,Si,O,(OH), are given below: 

Mg,SiO, + ZCO, + ZH,O + ZMgCO, + H,SiO, 
Forsterite Carbon Dioxide Water Magnesite Silicic acid 

MgJi,O,(OH), + 3C0, -+ 3MgC0, + ZSiO, + ZH,O 
Serpem‘ne Carbon Dioxide Magnesite Silica Water 

Olivine [forsterite end member (Mg,SiO,)] and serpentine [Mg,Si,O,(OH),] were identified 
as being dolid mineral reactants for the direct carbonation reaction (4-7). A foundry-grade olivine 
(identified as ARC olivine), a natural olivine (Twin Sisters, Washington purchased from WARD’S 
Natural Science Establishment, IC.)  and a synthetic forsterite sample (Alfa Aesar, a Johnston 
Matthey Company) were selected based on their desired characteristics of high purity, high MgO 
concentration and low water content. Chemical analyses of the ARC and WARD’S natural olivine, 
synthetic forsterite, and Cedar Hills quarry serpentine feed samples are included in Table 1. The 
magnesium oxide concentration was noticeably higher in the synthetic feed material (57.8 wt %) in 
comparison to both the ARC olivine (49.7 wt %) and WARD’S olivine samples (51.8 wt %). The 
basis for the lower MgO concentration in these natural feed minerals was attributed to iron 
substitution for magnesium within the solid solution series. X-ray diffraction data and patterns 
identified forsterite (Mg,SiO,) as the primary phase for both natural olivine feed samples. XRD also 
confrmed a trace constituent, enstatite (MgSiO,), for each of the natural olivine samples. This 
finding was fully anticipated for the raw materials. 

Olivine carbonation results from the preliminary series of tests performed at ARC are 
included in Table 2. Initial results revealed the mineral carbonation reaction is extremely slow at 
ambient temperatures and pressures. For example, test MC-14 conducted at 150°C and 750 psi (P,,,, 
= 51 atms.) resulted in only a 17.6% conversion of olivine to magnesite after 144 hours. However, 
increasing both process temperature and CO, partial pressure helped to improve upon the kinetics of 
the carbonation reaction. This was demonstrated during the series of tests at different time intervals 
(3, 6, 12, 24, and 48 hours) under identical conditions (T = 185T and P,,, = 115 atmospheres in 
distilled water) using again the ARC olivine feed sample. Collectively, carbonation tests conducted 
within the series under relatively short reaction times (3, 6, and 12 hours) gave minor to moderate 
conversions of Mg,SiO, to MgCO,, Under longer residence times (24 and 48 hours), the conversion 
of silicate to carbonate increased with time-on-stream, achieving 51.8% and 56.1% of its 
stoichiometric maximum in 24 hours and 48 hours respectively. In substituting the synthetic forsterite 
for the solid reactant, olivine, within the series, significant improvement in terms of carbonation 
activity was attained. As shown in Table 2. the synthetic forsterite (MC-3) achieved carbonation to 
76% of its stoichiometric maximum in just 3 hours, again at 185T and 1,850 psig. While the 
chemical analysis of the synthetic material confirmed nearly exact molar concentrations of MgO and 
SiO, as compared to the natural counterparts, the presence of free periclase (MgO) and its subsequent 
reactivity with carbonic acid resulted in accelerating the mineral carbonation activity within the 
CSTR. A series of leach tests were later performed to help quantify the free MgO concentration 
present in the synthetic forsterite material. Results estimated the synthetic material to contain 
approximately 11 wt % MgO. Although preliminary in nature, these results tend to suggest MgO 
acts as a promoting agent within the carbonation reaction. 

Duplicate experiments at NETL at higher process temperature and pressure (T = 230°C, Pco2 
=120 atm in distilled water) conditions coupled with using a minus 325 mesh raw material (WARD’S 
olivine feed) and a gas dispersion tube within the CSTR provided new evidence into the efficiency of 
the mineral carbonation reaction. Duplicate C02 analysis showed 28.9 weight percent of the 
recovered solid product as being identified as magnesium carbonate. The extent of reaction was 
experimentally determined to be over 80% of its stoichiometric maximum after 24 hours. 
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A major limitation of the CSTR mineral carbonation units at ARC and NETL was its lack of 
ability to introduce additional CO, to the reaction vessel as the carbonation reaction progressed. 
Hence, for longer test times, the P, decreased with increased extent of reaction, which perhaps 
retarded the reaction. A modified CTSR system to include a CO, gas booster pump and pressure 
switch was designed and operated at ARC at a operating pressure of 126 atmospheres. This 
development lead to a major improvement in rate and extent of reaction, as illustrated by the olivine 
and serpentine carbonation tests shown in tables 2 and 3 respectively. Under the modified system, 
test MC-25 showed a 91.5% rate of conversion for a finely ground olivine (-325 mesh) mineral to 
MgCO,. In view of this finding, the effects of particle size, temperature, and Pco2 on the olivine 
carbonation reaction were systematically examined. 

Particle size of the silicate mineral was recognized as a key element in aiding the acceleration 
of the mineral dissolution reaction. This effect can be easily viewed by comparing % conversions of 
tests MC-4, MC-25, and MC-31 shown in Table 2. Under test conditions (T = 185'C, P,,, = 115 
atm. in distilled water), test MC-25 produced over a 90% conversion of Mg,SiO, to MgC03, 
employing a minus 37 micron natural olivine feed. In contrast, tests MC-31 and MC-4 achieved 
mineral carbonation conversions of 10.6% and 51.8% respectively in 24 hours utilizing the identical 
feed ARC olivine with the exception of the feed particles sizes being 150 x 106 microns for test MC- 
31 and 106 x 75 microns for test MC-4. 

Another series of completed experiments aided in defining the temperature and CO, partial 
pressure requirements for the olivine carbonation reaction. At 115'C and P,, = 80 atmospheres, 
test MC-42 showed no reaction had occurred after 6 hours. However, significant conversion to 
carbonate (68.2%) resulted in test MC-43 by increasing the process temperature to 185°C while 
holding CO, pressure identical to that in test MC-42. The extent of reaction, as exemplified in test 
MC-40, was enhanced further to -85% by increasing the CO, process pressure to 115 atmospheres 
while holding the process temperature constant. 

An improvement in mineral carbonation efficiency was established in modifying the solution 
chemistry of the liquid reactant, water. The final series of tests was conducted in a bicarbonate 
aqueous solution, 0.5 M NaHCO,, 1 M NaCI, which dramatically enhanced the overall reaction rate. 
Sodium bfcarbonate was established as a more effective CO, carrier, generating product solutions of 
nearly 20glliter CO,, compared to 0.5-1.0 g/liter CO, in tests using distilled water. The modified 
solution was found to be very stable, with nearly constant pre- and post-test pH values (-7.8), and 
relatively constant CO, concentrations. The following equations represent a possible reaction 
sequence in the bicarbonate aqueous solution. 

Mg,SiO, + 4NaHC0, -+ 2MgC0, + 2Na,CO, + HJiO, 

2Na,CO, + 2H,CO, -+ 4NaHC0, 

NaHCO, is consumed by the mineral silicate, along with being regenerated by reaction with carbonic 
acid, which is also continuously regenerated due to the high PCm in the system. 

A Cedar Hills serpentine sample obtained from the PennsylvanidMaryland state line district 
was selected for serpentine carbonation testing. 
primary constituent for the serpentine feed sample with minor elements of chrysotile, magnetite, and 
kaolinite. Initial carbonation tests (T = l W C ,  and Pco2 = 115 atms.) performed for 24 hours with 
serpentine resulted in a much lower extent of reaction (34%) compared with identical tests conducted 
with the ARC olivine feed (51 I). The removal of (both physically adsorption and chemically bound) 
inherent water present in the serpentine feed sample via heat treatment was envisioned to produce a 
more reactive sample. Thermogravimetric analysis (TG) and differential thermal analysis (DTA) 
were completed on the Cedar Hills feed sample to determine treatment temperature(s). DTA 
revealed three separate points of inflection, occurring at 160°C. 375OC (evolution of water of 
crystallization); and 614°C (evolution of constitutional water). For that reason, heat pretreatments 
were performed at 65OoC for 2 hours. 

serpentine feed sample during heat treatment could potentially form a passive layer of hematite on the 
mineral surface. inhibiting the carbonation reaction. Thus. beat treatments on the serpentine feed 
sample were conducted in both air and CO,. Chemical analysis of the air-treated products identified 
hematite being present, while magnetite oxidation to hematite was limited during treatments in CO,. 
XRD analysis also confirms heat-treated serpentine samples were partially transformed to forsterite. 

Table 3 shows both the setpentine carbonation conditions and results obtained in the series of 
tests performed at ARC. Tests conducted in distilled water for 24 hours showed marginal 
improvement in the serpentine carbonation reaction with the air-treated sample (57%) in comparison 
to the untreated serpentine sample (34%). Test MC-37 utilizing an air-treated serpentine feed sample 
showed a moderate improvement in extent of reaction (63.5%) for the serpentine carbonation test 
conducted in a bicarbonate aqueous solution (0.5 M NaHCO,). The effect of gaseous atmosphere 
(c02 versus air) during heat treatments of serpentine was found significant for the carbonation tests 
conducted in the carbonation starting solution, 0.5 M NaHCO,, 1 M NaCI. Extent of reaction 
increased to over 83% for the serpentine heat-treated in CO, compared to 41 % for the serpentine 
treated in air. Both results were achieved in identical carbonation tests (T = 185°C; P, = 115 
atms) conducted for 6 hours. In contrast, test MC-44 conducted under identical conditions utilizing 

XRD determinations established antigorite as the 

It was also acknowledged that oxidation of the minor constituent magnetite present in the 
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an untreated serpentine feed sample showed only minor conversion of serpentine to magnesite (6.8%) 
after 6 hours. 

Finally, studies at NETL demonstrated a lignite fly ash (16% CaO + MgO) could also be 
used to produce a carbonated product as identified by XRD. Recent work by Anthony et. al. (8)  has 
shown carbonation to be rapid at FBC operating conditions for dry ashes above 400°C. Hydration of 
the ash promotes the carbonation reaction below this temperature. Fly ash is seen as an excellent 
candidate to be used solely or in conjunction with mineral silicates for sequestering CO, within the 
mineral carbonation process. Future work at NETL will utilize a Coal Combustion By-product (CCB) 
database system for identifying best candidates to be used in the Mineral Carbonation Study Program. 

CONCLUSIONS 

DOE-sponsored carbon sequestration research at NETL, ARC, LANL, and ASU is addressing 
important issues related to the mineral sequestration of CO,. Experimental investigations confirm 
magnesium silicates, olivine and serpentine, are equally amenable to the mineral carbonation process, 
even though serpentine requires heat treatment. Experimental data are being sought to help facilitate 
and develop kinetic models that can be employed to identify large-scale, cost-effective mineral 
sequestration strategies and to evaluate its physical, chemical, and environmental effects on the 
terrestrial and underground environments. 

DISCLAIMER 
Reference in this report to any specific product, process, or service is to facilitate understanding and 
does not imply its endorsement or favoring by the United States Department of Energy 
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Table 1. Chemical composition of reactant minerals, wt % . 
Oxide I ARC Olivine WARD’S Olivine Alfa Aesm Forsterite Cedar Hills serpentine 
AllOl 10.208 0.148 0.264 0.156 

0.070 
0.044 
5.966 
2.558 
49.677 
0.007 
41.357 
0.099 
0.401 
100.387 

0.130 
NIA 
NiA 
9.059 
51.789 
0.02 
38.205 
0.00 
0.70 
100.051 

0.661 , 
0.012 
0.009 
O.Oo0 
57.845 
0.019 ’ 

37.929 
0.101 
0.123 
96.963 

’ Volatile constituents include: fued carbon, mineral carbon, water 
NIA - not available 

0.028 
0.037 
4.333 
2.629 
45.843 
< o m 2  
37.500 
<0.002 
11.500 
102.026 
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INTRODUCTION 

Many possible approaches to carbon sequestration are being investigated by researchers 
worldwide (see, e.g., Bond et al., 1999 3 b; Department of Energy, 1997; Hendriks, 1994; 
Herzog, 1997; Knotek and Eisenberger, 1998; Lackner et al., 1995; Yamada, 1998). This is 
good, because the scale o f  anthropogenic C02 emissions is so huge that sequestration of anything 
more than a small fraction of it is likely to require a combination of different approaches. Most 
sequestration studies have been based on the assumption that C02  would first have to be 
separated from the remainder of the exhaust gases from fossil-fuel combustion. It could then be 
disposed of, for example, in DOG (depleted oil and gas) wells, in deep saline aquifers, in the 
deep ocean, or through deposition into minerals such as peridotites or serpentinites. A common 
theme for all of these approaches is that they involve the need to concentrate and, for the most 
part, transport COz. However, whilst it is technically feasible to remove COz from flue gases 
with existing technology (Hendriks, 1994; Yamada, 1998), the removal systems require large 
amounts of capital and energy, and could raise the cost of busbar electricity, for example, by 
50% (Department of Energy, 1997). Transportation of C02 by pipeline as  a supercritical fluid is 
a well-established technology in EOR (enhanced oil recovery), but still is not cheap. 

Our present research is aimed at the development of a novel biomimetic approach to C02 
sequestration. The intent is to develop a C02 scrubber that can be used to reduce C02 emissions 
from, for example, fossil-fuel-burning power plants, based on the use of an enzyme or biological 
catalyst. The resulting sequestration system would offer several potential advantages, including: 
a plant-by-plant solution to emission reduction; no costly C02  concentration and transportation 
steps; a safe, stable, environmentally benign product; and an environmentally benign process. 
Proof of principle has already been demonstrated (Bond et al., 1999 .& b). The present emphasis 
will be on the performance of the enzyme in the presence of other chemical species likely to be 
present in the industrial situation. It is useful first, however, to summarize the biomimetic 
approach, in order to put the present results in  context. 

Atmospheric levels of COZ are much lower today than they were early in the earth’s history. 
Carbonate minerals, such as calcite, aragonite, dolomite, and dolomitic limestone, comprise a 
massive C02 reservoir, estimated (Wright et al., 1995) to contain an amount of carbon equivalent 
to 150,000 x 10” metric tons of C02. Thus carbonate minerals offer a geologically proven, safe, 
long-term repository for C02. If anthropogenic C02 can be fixed into solid carbonate form, such 
as calcium carbonate, then we have a stable and environmentally friendly product. The problem, 
of course, is one of rate. 

In order to address the problem of rate, we adopted a biomimetic approach (Bond et al., 1999 & 
b). It is useful to keep in mind here that we are defining a biomimetic approach as one in which 
a particular aspect of a biological process or structure is identified and applied to solve a specific 
non-biological problem (Bond et al., 1999 e). In other words, it is an approach in which: 

We have a specific engineering problem to solve. 
We identify a biological system in which an analogous engineering problem has been solved. 
We use the enabling part of that system, whether it be a structural design, a processing route, 
or a biochemical component, to solve our engineering problem. 

In the present instance, we examined the rate-limiting step in the chemistry of COz fixation into 
calcium carbonate in aqueous solution, and then considered what lessons could be learned from 
biological systems in order to accelerate that step. Calcium carbonate precipitates readily from 
aqueous solution given a suitable saturation of calcium and carbonate ions, and so the issue 
becomes one of how to produce carbonate ions rapidly from C02 and H20 (Wilbur and Simkiss, 
1968). One important parameter to be considered is pH, because of its strong effect on the 
proportions of the carbonic species present (Loewenthal and Marais, 1978), and because, at low 
pH, carbonates will tend to dissolve rather than precipitate. Although carbonate could be formed 
rapidly at high pH, this would pose both economic and environmental concerns, and hence a 
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process that operates at very mildly basic pH values would be desirable. Gaseous COZ dissolves 
rapidly in water, producing a loosely hydrated aqueous form (Quinn and Jones, 1936; Keene, 
1993). Three additional reactions are then required to form carbonate ions at moderate pH: 

By far the slowest of these reactions is the hydration of COz (Keene, 1993) 

A solution to the problem of accelerated C02 hydration, in fact, already exists in biological 
systems. The carbonic anhydrases (CAS) are a broad group of zinc metalloenzymes that are 
ubiquitous in nature (Brown, 1990; Dodgson et al., 1991; Pocker, 1990). They are among the 
fastest enzymes known, and they catalyze the reversible hydration of COZ. The fastest CA 
isozyme known is the human isozyme HCA 11, each molecule o f  which can hydrate at least 1.4 x 
10' molecules ofCOz per second (Khalifah and Silverman, 1991); the catalyzed hydration occurs 
at or near the diffision-controlled limit for the encounter rate of enzyme and Cot .  Thus, if we 
use CA to catalyze the hydration o f  COz, it should be possible to fix large quantities of COz into 
carbonate form, without recourse to caustic conditions. [Another group has, in fact, been looking 
at CA as a catalyst for short-term aqueous sequestration of COZ for use in completely closed 
systems, such as a space station (M. Trachtenberg, personal communication).] 

Feasibility of our biomimetic approach was demonstrated (Bond et al., 1999 _a, b), based on two 
types of experiment. One was designed to show acceleration of the overall process of forming a 
solid product (calcium carbonate) in the presence of CA. This involves a series of steps beyond 
the hydration of COZ, but is vital to show potential industrial applicability. The other was 
designed to demonstrate the accelerated hydration of COZ in the presence of CA. This shows 
catalysis of a single reaction, and hence is applicable also to comparisons of enzyme 
performance for different isozymes, and under different conditions. Following the successful 
proof of principle, several topics were identified as needing further study, and some of these are 
discussed in Bond et al. (1999 3, b). One of these topics is optimization of the catalyst. The 
activity and lifetime o f  the enzyme will be influenced by a range of factors, including pH, 
temperature, and other ions present. The ions present will depend on the source of the water 
used (seawater or freshwater), as well as on the other species present in the flue gases. 

Some inhibition of CA activity by various anions has been reported previously (see, e.g., Maren 
et al., 1976 [delta pH]; Pocker and Stone, 1967 b-NPA assay]). By the far the most potent of 
the inorganic anionic inhibitors of CA, however, is CK, which is not an issue for the proposed 
application. Very small amounts (unlikely to exceed 100 ppm) of SO, (Electric Power Research 
Institute, 1984) and NOx may be present in the flue gases. Higher concentrations of anions are 
likely in the water used, particularly, of course, if it is seawater. 

EXPERIMENTAL 

A suitable catalyst (or isozyme) for an industrial-scale CO? scrubber will have to be fast, robust, 
and capable of being produced in large amounts cost effectively. The simplest and cheapest 
means of obtaining large amounts of CA will be by means of overexpression by a genetically 
modified bacterial system, and we are working with two different isozymes for which other 
research groups have successfully cloned genes. In the short term, however, initial experiments 
on anionic inhibition have been performed on BCA (bovine erythrocyte CA), purchased in 
purified form from Sigma Chemical Corporation. 

The method that has been used to show the accelerated hydration of CO? is a delta pH method 
(Henry, 1991). CA catalyzes the reversible hydration reaction between COZ and HzO, 
producing HCO3' and H'. This production of protons leads to a change in pH as the reaction 
proceeds towards equilibrium. Measurement of this pH change as a functipn of time forms the 
basis of the delta pH method. Measurements are usually made at temperatures in the range 0- 
S0C, to slow the enzyme-catalyzed reaction which is otherwise so rapid that initial rates are hard 
to measure (Henry, 1991). A World Precision Instruments Bee-Trode pH electrode and Dn-Ref 
system, with an ATC (automatic temperature compensation) probe, connected to an Orion 
Sensorlink pH data acquisition system, was used for temperature-compensated pH monitoring. 
Activities were measured and compared for 30pg/mI BCA in 2.5 mM aqueous COZ solution, in 
the presence of different concentrations ofNaZS04 and NaNO3, in 25mM pH 7.4 tris buffer, at 1- 
3 "C. CA activity in ASW-based solution (artificial seawater) was also compared to that in 
deionized-water-based solution. ASW was produced by dissolution of Sigma artificial-seawater 
salts, 38g of which were added to 1 liter of deionized water prior to bubbling with COz. In this 
case, the weak buffering was achieved with Barbital buffer. 

Hydration of aqueous COz to produce carbonic acid (HzCO,). 
Dissociation of carbonic acid into bicarbonate ions and protons. 
Production of carbonate ions from bicarbonate ions: 

7 14 



i 

3 

2.5 

g 2 .  

1.5 

1 

0.5 

AP-NPA assay has also been used to  monitor the activity of CA, based on the enzyme-mediated 
hydrolysis of para-nitrophenyl acetate (F'ocker and Stone, 1967). The same enzyme active site 
that is responsible for acceleration of COz hydration also accelerates this hydrolysis reaction, 
which yields a bright yellow product that absorbs at 405 nm and can be determined 
spectrophotometrically. Due to stearic factors, however, the reaction rate is much slower for the 
hydrolysis reaction than for the hydration of COz. Thus the enzyme-accelerated hydrolysis rates 
can be conveniently monitored without cooling (in contrast to the delta pH measurements of 
accelerated CO2 hydration), making the p - W A  assay useful for a first look at the influence of 
different parameters on CA activity. Activities were measured and compared for 20pg/ml BCA 
in the presence of different concentrations of NazS04 and NaNO,, in 50mM pH 7.4 tris buffer, at 
2 5 T  Stock solutions of 0.0025g/ml p-NPA were prepared in acetonitrile, which was used to 
prevent spontaneous decomposition ofp-NPA in air or in water. 10% (v/v) was added into each 
sample solution. The absorbance intensity at 405nm for the yellow product, p-nitrophenol, was 
followed versus time with a Hitachi-330 spectrophotometer. The slope of absorbance versus 
time was defined as the activity gradient. 

RESULTS 

Absorbance-versus-time plots from thep-NPA assay are shown for SO:. concentrations ranging 
from 0.5 mM up to 200 mM in Figure 1 .  There is little inhibition at concentrations up to 5 mM 
(480 ppm), but there is significant inhibition by 50 mh4. Similar plots are shown for NO<, again 
over a concentration range of 0.5 mM up to 200 mM, in Figure 2. Again, large-scale inhibition 
starts somewhere between 5 mM (3 IO ppm) and 50 mM 

Delta pH data for different SO:. and NO< concentrations, ranging from 5 mM to 200 mM, are 
shown in Figures 3 and 4 respectively. There is little indication of inhibition at concentrations 
below 100-200 mM. Figure 5 shows a comparison of enzyme activity in ASW-based solution 
versus DI-water-based solution. The enzyme is seen to perform well in both solutions. 
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Figure 5. Delta-pH activity of BCA in artificial seawater (ASW) and de-ionized water (DI) 
tested in barbital buffer. 

DISCUSSION 

It is interesting to note that the enzyme appears to be less susceptible to inhibition as determined 
by the delta pH technique, than by thep-NPA assay. It should be remembered, however, that the 
enzyme is also a much less efficient catalyst for the hydrolysis of p-NF'A than it is for the 
hydration of C02, and hence it is perhaps not surprising that that already somewhat difficult 
catalytic action should be more easily inhibited. It is clear that, for the present purposes of 
catalyst optimization, thep-NPA assay has a useful role to play for convenient initial screening, 
but the final assay should be delta pH. 

Given the low levels of SO, and NO. that would be present in flue gases reaching a CO2 
scrubber located behind a sulfur scrubber, it appears very unlikely that either of these species 
would present an inhibition problem to the enzyme in such a system. It also appears unlikely 
that the type of water used will pose an inhibition problem, even for seawater, as represented 
here by the ASW-based solution. Similar experiments will be performed on the other isozymes, 
produced by bacterial overexpression, that we are currently investigating. 

CONCLUSIONS 

The enzyme, carbonic anhydrase, is the biological catalyst responsible for the interconversion of 
COz and bicarbonate in living organisms. The present research is aimed at the development of a 
COz scrubber that can be used to reduce COZ emissions from, for example, fossil-fuel-burning 
power plants. In this system, the enzyme works as a catalyst to accelerate the rate of C02 
hydration for subsequent fixation into stable mineral carbonates, the counterions for which may 
be supplied from such sources as waste brines from desalination operations. Proof of principle 
has already been demonstrated. One of the requirements for the enzyme will be that it must be 
able to function in the presence of other chemical species likely to be present in the industrial 
application. The present results show excellent enzyme activity in the presence of low levels of 
SOx and NO, (that might be expected from flue gases) and also in solution representative of 
seawater. 
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ABSTRACT 
Carbon sequestration is a growing research topic that addresses one important aspect of an 
overall strategy for carbon management to help mitigate the increasing emissions of CO, into the 
atmosphere. There are estimates that terrestrial ecosystems could sequester significant quantities 
of carbon over the next 50 years. The impact of this sequestration could help buy time for other 
technologies to come on-line by delaying the need for more dramatic decreases in global 
emissions. There is increasing interest in scientific advances that can be used to further enhance 
this potential sequestration of carbon in soils. This paper summarizes current research that is 
addressing some of the major uncertainties in the carbon cycle and introduces new research that 
is being initiated specifically related to carbon sequestration in terrestrial ecosystems. 

KEYWORDS 
Carbon sequestration, carbon cycle, climate change, AmeriFlux, ecosystem research, soil carbon 

INTRODUCTION 
Currently, emissions of CO, are increasing globally and are projected to double over the next 
century. [l] This excess CO, enters the global carbon cycle where part remains in the 
atmosphere, part is taken up by oceans and the terrestrial biosphere. But significant uncertainty 
still surrounds the quantitative description of the natural carbon cycle. A major challenge of the 
greenhouse gas and climate change issue is to understand what happens to the excess CO, 
generated from the burning of fossil fuels. In particular, the rate and magnitude by which excess 
carbon is assimilated into terrestrial and oceanic sinks will determine the balance that remains in 
the atmosphere. While research in this challenging area continues, there are new efforts to begin 
research that might help mitigate increasing CO, emissions through special efforts to sequester 
cop 
Carbon sequestration in terrestrial ecosystems can be defined as the net removal of CO, from the 
atmosphere into long-lived pools of carbon. The pools can be living, aboveground biomass (e.g., 
trees), wood products with a long, useful life created from biomass (e.g., lumber), living biomass 
in soils (e.g., roots and microorganisms), or recalcitrant organic and inorganic carbon in soils and 
deeper subsurface environments. It is important to emphasize that increasing photosynthetic 
carbon fixation alone is not enough. This carbon must be fixed into long-lived pools. Otherwise, 
one may be simply altering the size of fluxes in the carbon cycle, not increasing carbon 
sequestration. 

THE DOE ROADMAP FOR CARBON SEQUESTRATION 
The U. S. Department of Energy (DOE) has recently completed a report that details the state of 
science related to carbon sequestration. [2] The report also lays out future research topics that 
will be necessary in achieving increases in carbon sequestration. There are four main objectives 
that must be addressed for terrestrial ecosystems: (1) assessing ecosystem dynamics, (2) 

' Oak Ridge National Laboratory is managed by UT-Battelle LLC, for the U.S. Dept. of Energy under contract DE- 
AC05-000R22725. The submitted manuscript has been authored by a contractor of the U.S. Government under 
contract DE-AC05-000R22725. Accordingly, the U S .  Government retains a nonexclusive, royalty-free license to 
publish or reproduce the published form of this contribution, or allow others to do so, for US. Government 
purposes. 
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increasing below-ground carbon stocks, (3) increasing the rate of growth, standing stocks of 
carbon, and utilization of above-ground biomass, and (4) optimizing land use for carbon 
sequestration. It is i m p o k t  to remember that while many processes occur at the molecular level 
(i.e., photosynthesis, formation and protection of soil organic matter, etc), management practices 
to enhance carbon sequestration will be implemented at the landscape scale. At this scale 
ecosystems are the key functional units for estimating productivity and carbon sequestmtion, and 
for assessing potentially deleterious impacts associated with efforts to increase carbon in 
ecosystems. 

The DOE report goes on to detail examples of specific research areas that are ripe for innovations 
that will advance OUT scientific underpinnings for enhanced sequestration. The other key 
component of research is on developing improved measurement and monitoring systems. It will 
be important to be able to determine what sequestration methods are working, and current 
measurement techniques are lacking in sensitivity and spatial resolution. The Offices of Science 
and Fossil Energy of the US. Department of Energy are implementing research opportunities 
identified by the state of the science report. 

CURRENT RESEARCH IN DOE 
While the DOE Office of SciencdBiological and Environmental Research (OBER) is embarking 
on a new research program focused on carbon sequestration in terrestrial ecosystems, current 
research efforts in OBER have been addressing the natural carbon cycle and potential impacts to 
ecosystems !?om global change for some time. 

The Terrestrial Carbon Program (TCP) performs research that provides the scientific 
underpinnings for predicting future concentrations of CO, in the atmosphere. The research, 
which focuses on natural systems that regulate the abundance of CO, in the atmosphere, 
emphasizes (i) understanding the processes controlling exchange rate of CO, between 
atmosphere and terrestrial biosphere; (ii) developing process-based models of atmosphere- 
terrestrial carbon exchange; (iii) evaluating source-sink mechanisms for atmospheric CO,; and 
(iv) improving reliability of global carbon models for predicting future atmospheric 
concentrations of CO,. Three particularly key parts of the TCP are: 

Mechanistic terrestrial carbon models for evaluating the role of the biospherc in 
atmospheric CO, changes, and the influence of climate and other feedbacks on the 
biogeochemical cycle of carbon. 

AmeriFlux network of CO, measurements for estimating carbon cycling by terrestrial 
ecosystems. 

Free Air CO, Enrichments (FACE) experiments that evaluate the responses of terrestrial 
plants and ecosystems to increased concentrations of atmospheric CO,. 

0 

0 

AmeriFlux involves the measurement of net CO, exchange of representative ecosystems across 
United States and North America. For the present network of 35 sites, net annual CO, exchange 
is measured by eddy covariance methods producing annual estimates of net carbon gain or loss 
by ecosystems such as forests, grasslands and croplands. In addition to flux measurements, 
biologicakcological data are collected on processes such as photosynthesis, respiration, primary 
productivity and growth rates and the turnover of different ecosystem carbon pools. Together 
with flux measurements these data provide unique estimates of net ecosystem production (NEP); 
positive values of NEP mean the system is storing carbon and negative values indicate net loss of 
carbon. Initial results show that forest ecosystems are gaining carbon at the rate of 2 to 6 tons of 
carbon per hectare per year. This network of flux measurements, and related ecosystem and 
micrometeorological data collectively provide vital ground surface information about carbon 
sequestration. The data also help interpret other observations of atmospheric CO, and space- 
based information about ground surface processes. Research products of AmeriFlux contribute 
significantly to the understanding of the role of the terrestrial biosphere in the global carbon 
cycle, to uniquely quantify carbon sequestration by the terrestrial biosphere, and to provide vital 
data for evaluating the hypothesis that N. America is a significant terrestrial carbon sink. 

The Program for Ecosystem Research (PER) includes both experimental and modeling research 
related to both the direct and indirect effects of climatic and atmospheric changes on ecosystem 
components and processes. Research emphasizes the detection and quantification of adjustments 
to global atmospheric and climatic changes (e& temperature, moisture, ozone, CO,) and the 
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mechanisms that control the observed adjustment processes. Ecosystem responses that are 
studied include ( I )  ecological adjustments such as changes in the organized hierarchy of 
ecosystem processes, structure, and diversify; and (2) biological adjustments at the organism 
level that are manifested at the ecosystem level, including homeostatic (physiological, 
biochemical) and genetic responses. 

NEW RESEARCH DIRECTIONS 
DOE formed a new center in 1999 to focus on research related to enhancing carbon sequestration 
in terrestrial ecosystems. A consortium of institutions (see next section) will perform research to 
help determine how to increase the amount of carbon entering into “pools“ that are stabilized in 
soil and protected against decomposition. The center will also research ways to measure, monitor 
and verify sequestration so that it may be appropriately accounted for in national inventories of 
greenhouse gas emissions. 

In’addition to the Centers approach, there is a solicitation for research from the scientific 
community involving investigator-initiated ideas and innovative research for enhancing carbon 
sequestration of terrestrial ecosystems. New ideas and concepts will be selected from the 
competition that can be expected to promote significantly increased capture and storage of 
carbon by terrestrial ecosystems. 

THE DOE CENTER FOR RESEARCH TO ENHANCE CARBON SEQUESTRAnON IN 
TERRESTRIAC ECOSYSTEMS (CSITE) 
The newly formed research center is known as CSiTE - Carbon Sequestration in Terrestrial 
Ecosystems. CSiTE perfoms fundamental research that supports methods that will lead to 
enhanced1 carbon sequestration in terrestrial ecosystems as one component of a carbon 
management strategy. The goal of CSiTE is to discover and characterize l i i  between critical 
pathways and mechanisms for creating larger, longer-lasting carbon pools in terrestrial 
ecosystems. Research is designed to establish the sciehtific basis for enhancing carbon capture 
and long-term sequestration in terrestrial ecosystems by developing (1) scientific understanding 
of carbon capture and sequestration mechanisms in terrestrial ecosystems across multiple scales 
from the molecular to the landscape, (2) conceptual and simulation models for extrapolation of 
process understanding across spatial and temporal scales, (3) estimates of national carbon 
sequestration potential, and (4) assessments of environmental impacts and economic implications 
of carbon sequestration. 

SUMMARY 
Carbon sequestration is an important part of an overall carbon management strategy to help 
reduce andor mitigate global CO, emissions. Research into how to enhance sequestration in 
terrestrial ecosystems could lead to significant beneficial practices that could be implemented 
during the next 20-50 years. These practices could help “buy time” for other methods of 
sequestration and energy technologies to come on-line. At the same time, it is essential to 
continue to emphasize understanding the carbon cycle which drives future global change 
scenarios and also can impact the efficacy of sequestration options in natural systems. I 
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ABSTRACT 

Elevated atmospheric C02 levels lead to greater fixation of carbon by plants and greater transfer 
of carbon to roots and soil. We are studying the amplification of a series of events that flow fiom 
increased inputs of carbon to plant roots and subsequently to sequestration of organic carbon in 
soil aggregates. Soil aggregates are groups of primary particles that adhere to each other more 
strongly than to surrounding soil particles. Plant roots provide carbon for growth and 
reproduction of a ubiquitous group of symbiotic fungi called arbuscular mycorrhizal fungi 
(AMF). A recent discovery shows that AMF produce copious amounts of an insoluble, 
hydrophobic, recalcitrant glycoprotein, named glomalin, which is important in stabilizing soil 
aggregates. Aggregates store and protect additional organic carbon until the aggregates break 
down. Thus, greater stability of aggregates leads to larger amounts of protected organic carbon in 
terrestrial ecosystems. 

INTRODUCTION 

Increasesin atmospheric C02 (Keeling et al., 1995) highlight the need to explore ways to trap 
and sequester this greenhouse gas in terrestrial ecosystems. Plants fix C02 and allocate a part of 
the photosynthate to roots (Rogers et al., 1994) and soil (Jones et al., 1998). Organic carbon in 
soil plays an important role in soil aggregation (Kemper & Rosenau 1986). Soil aggregates are 
groups of primary particles that adhere to each other more strongly than to surrounding soil 
particles (Martin et al., 1955). Relatively labile carbon is protected in soil aggregates 
(Cambardella & Elliott 1992; Jastrow & Miller 1997; Six et al., 1998) and has a turnover of 140 
- 412 years in a pasture soil, depending upon the aggregate size (Jastrow et al., 1996). 

Increased fixation of C02 by plants may have a direct effect on root symbionts that utilize 
plant-fixed carbon for growth -the arbuscular mycorrhizal fungi (AMF). AMF are ubiquitous 
symbionts of the majority of land plants. AMF are also important in soil aggregate stabilization 
(Tisdall & Oades, 1982; Jastrow & Miller, 1997). The contribution of AMF to stabilization of 
aggregates was thought to be through entrapment of soil particles by fungal hyphae, the 
filamentous structures making up the body of the fungus. Hyphae extend several centimeters 
from the root into soil. Estimates of AMF extraradical hyphae vary widely (Rillig & Allen, 
1999), but one of the highest estimates is 11 1 m cm3 in a prairie grassland soil (Miller et al., 
1995). 

(Wright et al., 1996) and its role in aggregate stability (Wright & Upadhyaya 1998) has 
implications for enhanced carbon sequestration by soils under elevated C02. Recently Rillig et 
al. (1999) provided evidence for a change in aggregate stability under elevated C02 in three 
natural ecosystems. Increases in hyphal length and glomalin concentration in soils were shown 
concurrently. 

This report will review glomalin and aggregate stability: (i) in disturbed and undisturbed 
agricultural soils, (ii) in agricultural soils in transition from plow- to no-tillage, (iii) in natural 
grasslands under increased C02 and (iv) in a tropical soil. We will also present characteristics of 
glomalin that indicate the unusual nature of the molecule. 

MATERIALS AND METHODS 

Gbmalin exfraction. Extractions were performed as described by Wright & Upadhyaya (1998). 
One-gram samples of air-dried soil were placed in 8 mL 20 mM citrate, pH 7.0 and autoclaved 
(121 "C) for 30 min to remove the easily-extractable glomalin (EEG). After centrifugation 
(10,000 x g) and removal of the supernatant, 8 mL 50 mM citrate, pH 8.0 was added to the 
remaining soil and heated at 121 OC for 60 min to extract total glomalin (TG). Additional 
extractions with 50 mM citrate were done until the supernatant was a straw color, indicating that 
glomalin, a red-brown color, had been removed. One mL of EEG was removed and then the 
remaining supernatant containing EEG was combined with all of the supernatants from the 50 
m~ citrate extractions. Protein was determined by the Bradford dye-binding assay with bovine 
serum albumin as the standard (Wright et al., 1996). An indirect enzyme-linked immunosorbent 
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assay (ELISA) was used to quantify the immunoreactive fiaction (IREEG and IRTG). Weight of 
soil was corrected for non-aggregated coarse material. 
Glornalinpurification. Glomalin was precipitated with trichloroacetic acid (TCA) and then 
dialyzed against 10 mM borate, pH 8.0 as described by Wright et al. (1998). Dialyzed samples 
were freeze-dried. 
Aggregate stability. The apparatus described by Kemper L Rosenau (1996) was used 
todetermine water stability of air-dried aggregates. Air-dried bulk soil was sieved to remove the 
1 - 2 mm and 0.5 - 1 mm aggregates. Four g of aggregates was placed in a sieve and pre-wetted 
by capillary action. The 1 - 2mm aggregates were in 0.25 mm sieves, and the 0.5 - 1 mm 
aggregates were in a 0.01 nun sieve. Aggregates were pre-wetted by capillary action and then 
tumbled for 5 min in a column of water. After drying remaining aggregates at 70 O C  aggregate 
stability was calculated: Yo stability = (g aggregates remaining on the sieve - the coarse materid 
4 g - coarse material) x 100. 
Characrerimtion of glornalin. Various routine and specialized assays have been performed to 
characterize the glomali molecule. Routine assays are Bradford protein and enzyme-linked 
immunosorbent assay (ELISA). Methods for these are described above. Sodium dodecyl sulfate 
polyacrylamide (SDS-PAGE) gel electrophoresis banding patterns on 12% T gels stained with 
silver are also run on a routine basis (Wright and Upadhyaya, 1996). Iron was analyzed by 
atomic absorption spectroscopy after microwave digestion in nitric acid. 

RESULTS 

We have studied undisturbed, disturbed, and soils under elevated C02 for the relationship 
between aggregate stability and glomalin (Rillig et al., 1999; Wright & Upadhyaya, 1998; 
Wright et al., 1999) in temperate regions. In general, undisturbed soils have the highest aggregate 
stability and glomalin, but soils appear to differ in the amount of glomali they can accumulate 
(Table 1). Both aggregate stability and glomalin are higher in undisturbed compared with 
disturbed soils (Tables 2 and Fig. 1). 

TABLE 1: Selected undisturbed soils that illustrate the range in values for aggregate 
stability and measures of easily extractable glomalin (EEG), total glomalin (TG), and the 
immunoreactive fractions of each (TREEC and IRTG, respectively). 

'Alkaline soils. All other soils are acidic. 

Cultivated soils have been compared with undisturbed soil under native or introduced grasses 
to determine the effects of disturbance on glomalin. The immunoreactive easily extractable 
(IREEG) fraction of glomalin is most closely correlated with aggregate stabiliw across soil types 
and locations. This fraction is similar to glomalin on fresh hyphae using currently available 
analytical procedures (Wright & Upadhyaya, 1998) (Table 2). 

TABLE 2: Immunoreactive easily extractable glomalin (IREEG) and aggregate stability of 1 
-2 mm aggregates for three geographic locations with comparisons between disturbed and 
undisturbed sites (SD in parentheses). 

cultivated plots were compared with nine nearby individual grass soils; Maryland - four 
cultivated plots were compared with four sites from a grass buffer surrounding the plots. 
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soil management affects aggregate stability and glomalin. A recent study compared no- 
tillage to plow-tillage over three years for a silt loam soil in Beltsville, MD corn plots (Wright et 
d, 1999). Both aggregate stability and glomalin increased during the transition (Fig. 1). 
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FIGURE 1: Changes in aggregate stability and glomalin 
during transition from plow- to no-tillage for corn 
production. TG = total glomalin, EEG= easily extractable 
glomalin and IR= immunoreactive fraction. 

A cdonosequence (300 years - 4.1 million years) from Hawaii was studied (manuscript in 
preparation) to determine glomalin levels in a tropical climate. Very large amounts of TG were 
found (Fig. 2). 

FIGURE 2: Total glomalin in the upper layers of an organic 
soil chronosequence from Hawaii. 

c02 c02 c02 co2 I 
Aggregates 1-2mm (% ofsoil) 14.4 (0.5) 15.1 (0.3) 16.7 (0.6) 18.1 (0.5) 
Aggregates 0.25-lmm (% ofsoil) 17.1 (0.6) 20.0 (0.8) 26.9 (1.6) 25.6 (1.1) 
Water stable 1-2 mm (%) 86.7 (1.6) 90.1 (1.3) 76.2 (1.5) 81.0 (1.3) 
Water stable 0.25-1 mm (%) 88.9 (0.9) ' 92.8 (0.6) 84.3 (0.9) 85.3 (0.5) 
Immunoreactive glomalin (mg/g) 0.7 (0.0) 0.8 (0.0) 1 .O (0.0) 1 . 1  (0.0) 
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Glomalin is categorized as a glycoprotein (Wright et al., 1998). Carbon, nitrogen, and iron in 
glomalin ffom hyphae of two AMF and a soil and other soil are shown in Table 4. 

TABLE 4: Total carbon, iron and nitrogen in selected glomalin samples. 

1 Assay I Baltimore I Glomus intraradices 1 Gigaspora rosea I 

Total Carbon (YO) 
Fe (%) 
N (%) 

soil UT 126 FL225 
26.4 24.80 17.50 
7.2 0.5 0.5 
1.63 1.70 1.22 

Similarity between glomalin on hyphae from axenic cultures and soil indicates that the 
substance extracted from soil is the same as that on hyphae. Raw extracts from hyphae or soil 
show the same banding patterns on SDS-PAGE (Fig. 3). 

GIomuF intraradices UT126 (A), Gignspora gigantea MA453A 
(B), and Baltimore soil (C). Molecular weight standards (KD) 
are indicated. The arrow indicates the position of two bands. 

DISCUSSION 

Glomalin, a major component of previously unidentified organic 
matter in soil, reaches levels of 1.4 - 13% of air-dried mineral soils 
based on Bradford protein values (Table 1, Fig. 2). Comparison of 
amounts of humic and fulvic acids and glomalin from Hawaiian 
organic soil on a weight basis show that glomalin can be as high as 
26% of the soil while fulvic, humic, and the mineral fraction are 
2.7,6.7, and 60.7%, respectively (unpublished data). 

stability. This was shown in undisturbed soils, undisturbed 
compared with disturbed soils, and during transition from plow- to no-tillage (Tables 1 and 2, 
Fig. 1). Since glomalin production appears to be directly linked to carbon supplied by plants, 
production of glomalin may be affected by increased atmospheric COz (Table 3). Evidence for 
this was also found m a sorghum field equipped with a free-air C02 enrichment (FACE) system 
(manuscript in preparation). Measures of soil AMF hyphal length showed a strong response to 
COz as well as one fraction of glomalin. Glomalii and AMF hyphal lengths were positively 
correlated with soil aggregate stability. 

The structure of glomalin at present unknown, but the molecule is insoluble, hydrophobic 
and recalcitrant. Insolubility of the molecule is probably the reason that glomalin was not 
discovered until recently. We have seen evidence of insolubility and sloughing of glomalin from 
AMF hyphae in sand cultures of these fungi on plant roots. When cultures are harvested and 
fresh roots are placed in water, glomalin floats to the surface of the water and collects as a film at 
the air-water interface. This film entraps air bubbles and adheres to plastic surfaces Plastic traps 
have been used to quantify glomalin in cultures (Wright & Upadhyaya, 1999). Residence time of 
glomalin in soils is currently being investigated, but preliminary results indicate that glomalin in 
the undisturbed Hawaiian soils (Fig. 2) lasts for 6 - 42 years (manuscript in preparation). 

Other fungal proteins, hydrophobins, have characteristics similar to glomali (Wessels, 
1996). For example, the hydrophobin SC3 produced by the basidomycete Schizophyllum 
commune is a glycoprotein (Wessels, 1997) that is insoluble in hot SDS and forms insoluble 
complexes (de Vries et al., 1993). Interfacial self-assembly of SC3 monomers leads to insoluble 
amphipathic films about 10 mm thick that coat air bubbles (Wessels, 1996). SC3 is secreted from 
hyphal tips as a monomer and then flows over the hyphal surface as semi-fluid polymers 
(Wessels, 1996). Hydrophobic interactions of monomers and other bonds may contribute to the 
overall hydrophobicity of the molecules (Wessels, et al., 1991). Purified SC3 is described as a 
milky suspension (Wessels, 1997). However, there are no reports of any iron-containing 
hydrophobins at this time. 

Iron in or on glomalin (Table 4) imparts a red-brown color to extracted glomalin, and we 
think that iron is critical to the stability of the molecule in soil and in laboratory procedures used 
to reveal the molecular structure. Hydrolysis for amino acid analysis requires 24 h at 150 'C, and 
a pre-treatment to remove some of the iron may be necessary to achieve complete hydrolysis. We 

, 
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have successfully rembved a large amount of iron fkom glomalin using 8-hydroxy quinoline, but 
weaker chelators are slightly effective to ineffective for removal of iron. Lactofenin is an iron- 
bearing protein with similarities to glomalin. Lactoferrin is a member of a group of iron-binding 
glycoprotein called transferrins. Althought this glycoprotein is found in animals, it shares some 
intriguing characteristics with glomalin. Both are approximately the same size (-80 - 90 KD), 
extracellular, heat and enzymatically stable and difficult to hydrolyze. Lactofenin 
hyperaccumulates iron and undergoes conformational changes upon binding iron. We have 
evidence that glomalin hyperaccumulates iron (Table 4) and are working on dissecting the 
conformational changes that may occur. Lactoferrin functions in iron binding and transport and 
as a bacteriostatic molecule - roles that glomalin may play in the soil environment. 

carbohydrates in glomalin from axenic cultures and soils. This requires stripping the iron with 8- 
hydroxy quinoline (manuscript in preparation). 

CONCLUSIONS 

Glomalin is abundant in soils and is closely correlated with aggregate water-stability. Glomalin 
contains carbon and hence constitutes a non-trivial portion of the terrestrial carbon pool. Possibly 
far more importantly, however, stabilization of aggregates amplifies the role of glomalin in soils 
because carbonaceous compounds are protected from degradation inside of aggregates. Increased 
atmospheric COz can lead to increased production of glomalin because of the symbiotic 
association that exists between plants and producers of glomalin, AMF. We have also shown that 
glomalin concentrations in soils are influenced by management practices, for example in 
agroecosystems, further highlighting the role of this protein in carbon storage. Glomalin is an 
unusual molecule that has proven difficult to analyze biochemically due to its recalcitrance and 
possible complexity. Future research will be directed towards the elucidation of its structure and 
the controls on its production. 

Currently we are working to determine amino acid and carbohydrate contents and 
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ABSTRACT 

Injection of CO, into depleted natural gas reservoirs offers the potential to sequester carbon while 
simultaneously enhancing CH, recovey. Enhanced CH, recovery can partially offset the costs of 
CO, injection. With the goal of analyzing the feasibility of carbon sequestration with enhanced gas 
recovery (CSEGR), we are investigating the physical processes associated with injecting CO, into 
natural gas reservoirs. The properties of natural gas reservoirs and CO, and CH, appear to favor 
CSEGR. In order to simulate the processes of CSEGR in detail, a module for the TOUGH2 
reservoir simulator that includes water, brine, CO,, tracer, and CH, in nonisothermal conditions has 
been developed. Simulations based on the Rio Vista Gas Field in the Central Valley of California 
are used to test the feasibility of CSEGR using CO, separated from flue gas generated by the 680 
MW Antioch gas-fired power plant. Model results show that CO, injection allows additional 
methane to be produced during or after CO, injection. 

INTRODUCTION 

Depleted natural gas reservoirs are potentially important targets for carbon sequestration by direct 
carbon dioxide (CO,) injection. The accumulation and entrapment of a light gas such as methane 
(CH,) testifies to the integrity of natural gas reservoirs for containing gas for long periods of time. 
By virtue of their proven record of gas production, depleted natural gas reservoirs have 
demonstrated histones of both (i) available volume, and (ii) integrity against gas escape. The IEA 
(lntemational Energy Agency) has estimated that as much as 140 GtC could be sequestered in 
depleted natural gas reservoirs worldwide (EA, 1997) and 10 to 25 GtC in the U.S. alone (Riechle 
et al., 2000). These aspects of natural gas reservoirs for carbon sequestration are widely recognized. 

Less well recognized is the potential utility of CO, injection into natural gas reservoirs for the 
purpose of enhancing CH, production by simple repressurization of the reservoir. The pressure 
support provided by the CO, is similar to the proven cushion gas concept used in the gas storage 
industry wherein expansion of cushion gases upon natural gas withdrawal aids in production from 
the storage reservoir (Canitre et al., 1985; Laille et al., 1988). The concept of enhancing CH, 
production is important because it can partially offset the costs of CO, sequestration. This concept 
was first described by van der Burgt et al. (1992) and Blok et al., (1997), who used reservoir 
simulation to evaluate how quickly the injected CO, would mix with the produced natural gas. 
Based on the simulations they concluded that enhanced production was possible for some period 
before the extent of mixing was too great. Nevertheless, little attention has been given to this option 
for sequestration, primarily due to concerns about degrading the quality of the produced gas. 

The purpose of this paper is to further explore the physical processes involved in CSEGR. To 
accomplish this, numerical simulations of CO, injection and enhanced gas recovery were carried out 
on a model system based on the Rio Vista Gas Field in California’s central Valley. The proposed 
s o m e  of CO, in this study is flue gas from the 680 MW power plant at Antioch, California, 20 km 
from Rio Vista. To carry out the simubtions, we have developed capabilities for the TOUGH2 
reservoir simulator (F’ruess et al, 1999) for modeling gas reservoirs. Through simulations of the 
injection process, we show that repressurization of the methane is possible and significant quantities 
of methane that would otherwise be left in the reservoir can be produced while carbon dioxide is 
being injected. 

PROCESS DESCRIPTION 

CSEGR involves the injection of CO, into depleted gas reservoirs with simultaneous or subsequent 
production of repressurized CH,. The processes of gas-phase mixing by advection, dispersion, and 
molecular diffusion, which will tend to mix the gaseous components and deteriorate the quality of 
the natural gas, are dependent on the properties of natural gas reservoirs and of the gases. 
Pressures in depleted natural gas reservoirs are approximately 20-50 bars. with temperatures 
‘27-120 ‘C. The large volume and large areal extent of gas reservoirs decrease the potential for 
mixing by dispersion over practical time scales. In Table 1 we present properties of CO,  and CH, 
relevant to CSEGR. Note that CO, is denser and more viscous than CH,, and will generally be 
subcritical but may be supercritical in deep depleted reservoirs. The large density of CO, relative to 
CH, means that CO, will tend to migrate downwards relative to CH,. The larger viscosity of CO, 
ensures that displacement of CH, by CO, will be a favorable mobility ratio displacement, with less 
tendency for the gases to finger and intermix than in displacements such as water floods in oil 
reservoirs. Pressure diffusivity is typically three-five orders of magnitude larger than molecular 
diffusivity, making repressurization occur much faster than mixing by molecula diffusion. In 
summary, the properties of gas reservoirs and CO, and CH, appear to favor the feasibility of 
CSEGR. 

\ 
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MATHEMATICAL MODEL 

In order to model gas reservoir processes, we have developed a module called EOS7C (Oldenburg 
and Pruess, 2000) for simulating gas and water flow in natural gas reservoirs within the TOUGH2 
framework (Pruess et al., 1999). The module handles five components (water, brine, non- 
condensible gas, tracer, and methane) along with heat. The noncondensible gas can be selected by 
the user to be CO,, N,, or air. EOS7C is an extension of the EOS7R (Oldenburg and Pruess, 
1995) and EWASG @attistelli et al., 1997) modules. The EOS7C module is currently restricted to 
the high-temperature "gas-like'' conditions for CO, as opposed to the high-pressure "liquid-like'' 
conditions. Advection of gas and liquid phases is governed by a multiphase extension of Darcy's 
law. Molecular diffusion in the gas and liquid phases is currently modeled using a Fickian 
approach. The main gas species partition between the gas and liquid phases according to their 
temperature- and pressure-dependent solubilities w i n e  and Liley, 1984; Cramer, 1982; Ritchen, 
1981), while the gas tracer volatilization is controlled by a Henry's coefficient input by the user. 
The selection of N, or air in place of CO, will allow the module to be used for simulating gas 
storage processes, including the use of inert cushion gases. Because it is a module of TOUGH2, 
EOS7C includes all of the multiphase flow capabilities of TOUGH2, including the ability to model 
water drives and gas-liquid displacements that may be present in gas reservoirs. 

APPLICATION TO RIO VISTA GAS FJELD 

In this section, we investigate by numerical simulation the process of CSEGR at the Rio Vista Gas 
Field. Rio Vista is the largest gas field in California and has been under production since 1936 
(Burroughs, 1967). It is located approximately 75 km north of San Francisco in the Sacramento 
Basin and has an elongated dome-shaped structure extending over a 12 by 15 km area (see Figure 
1). The reservoir rocks are. Upper Cretaceous to Eocene and consist of alternating layers of sands 
and shales deposited in deltaic and marine environments. Normal faulting occurred 
contemporaneously with sedimentation, creating a set of sub-parallel faults trending NW through 
the field. The most important of these is the Midland Fault (Figures 1 and 2). In some gas-bearing 
strata, displacement along the faults has created structural traps. In others, particularly the thicker 
gas bearing sands, the smaller faults do not play as important a role in defining reservoir structure. 

Since 1936 the Rio Vista Gas Field has produced over 9.3 x 10" m3 of natural gas (at standard 
conditions of 1 bar, 15.5 "C [14.7 psi, 60 "Fl) from 365 wells. Production peaked in 1951 with 
annual production of 4.4 x lo9 m and, as shown in Figure 3, has declined steadily since then 
(Cummings, 1999). Production decline is caused by decreasing reservoir pressures and increased 
water production, particularly on the western boundary of the field. 

The Domengine formation shown in Figure 2 has been the most productive pool in the Rio Vista 
Gas Field. It occurs at an average depth of 1150 to 1310 m with an average net thickness of 15 to 
100 m. The initial reservoir pressure and temperature were approximately 120 bars and 65 C. Other 
generalized reservoir properties are provided in Table 2. As shown in Figure 2, the Domengine is 
laterally continuous across the Rio Vista Gas Field with vertical confinement provided by the 
Nortonville and Capay Shales. Its western boundary is controlled by the presence of the watertable 
at a depth of 1325 m. For the purpose of this study we focused on CO, sequestration and 
enhanced gas recovery in the Domengine formation to the west of the Midland Fault (see Figure 4). 
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The source of CO, considered in this study is the 680 M W  gas-fired p w e r  plant located in 
Antioch, California (20 km from Rio Vista). This plant produces 2.2 x 10 m3 (1 bar, 15.5 "C) or 
4.15 x IO9 kg of CO, annually. At this rate, a simple volumebic replacement of all of the natural 
gas produced from Rio Vista since 1936 suggests that approximately 80 years of sequestration 
capacity are. available. 

1 

L 

The simplified 2-D model system based on the Rio Vista Gas Field is shown in Figure 4. The 
model system is a I km wide cross-section with vertical dimensions 100 m and horizontal extent 
6600 m of the westem flank of the dome, corresponding to 1/16 of the actual length of the 
reservoir. The model reservoir has a roof sloping at 0.78 ' and closed right-hand side. The bottom 
of the gas reservoir is a horizontal water table. Note that in all simulations presented here, water 
drive is turned off by closing all the lower boundaries of the system. Properties of the formation 
are simplified for this study as shown in Table 3. 
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The initial condition consists of the water table at Z = 0 on the left-hand side of the domain at a 
pressure of 126 bars, with CH, gas and residual water (S,, = 0.27) in the pore space above. All 
simulations were done at isothermal conditions of 65'C. From this initial condition, we simulated 
the withdrawal of CH, at 1/16 the historical rate as shown in Figure 3 for the period 1936-1998. 

Following the historical production, we simulated CO, injection at a point 15 m below the top of the 
reservoir at approximately Y =  2000 m, and CH, withdrawal from the upper right-hand side of the 
domain ( Y =  6600 m). In all cases, CO, is injected into the reservoir at a rate corresponding to 1116 
the actual production of CO, from the 680 MW Antioch gas-fired power plant. An example 
simulation result is shown in Figure 7 where we show mass fraction of CO, along with gas velocity 
vectors at three different times for the case of CO, injection with no CH, production. Note the 
depression of the water table in response to gas injection. As gas is injected, reservoir pressure 
increases with limited mixing of the gases by advection and diffusion. 

Summaries of the simulated pressure evolutions and mass production rates are shown in Figures 5 
and 6, respectively. We simulated two different scenarios that start in 1999 (see Table 3). In 
Scenario I, CO, is injected into the reservoir for ten years starting in 1999, as shown in Figure 7. 
This injection semes to repressurize the reservoir. In the subsequent part of Scenario I, CH, is 
produced for ten years from the repressurized reservoir at a rate corresponding to the 1950-1960 
average rate. In Scenario 11, CO, injection is simultaneous with CH, production, where CH, is 
produced at constant pressure. Note in Figure 5 that in Scenario I, 99% pure CH, can be produced 
for about 5 years following CO, injection, and that this CH, production is at a very large rate. In 
Scenario II, 99% pure CH, can be produced for approximately 10 years during CO, injection, 
although the rate is smaller than in Scenario I (see Figure 6). Note that these simulations have 
neglected dispersion which would increase gas-phase mixing. Assuming a longitudinal dispersivity 
of 100 m and 20 years of CSEGR, the dispersive mixing length for these scenarios is on the order 
of 1 km. This estimate shows that dispersion is an important mixing mechanism, but that over the 
large length scale in the model gas reservoir, repressurization and production of high quality 
methane would still be possible. The total additional masses of CH, produced by CSEGR for 
Scenarios I and II are 1 x lo9 kg (5.2 x IO' Mcf) and 1.1 x lo9 kg (5.7 x 10' Mcf), respectively, as 
compared to a projected 1.8 x 10' kg (9.4 x IO6 Mcf) without CSEGR. Note that these quantities 
are for the 2-D model system which is 1/16 of the whole gas field. 

Period 
1936-1998 

Scenario I. 
1999-2009 
2010-2019 

Inject Produce Rate Cumulative mass 
- CH, Variable (1/16 historical -3.5 x lo9 kg CH, 

co, - 8.2 kg/s (1116 Antioch 2.6 x lo9 kg CO, 

- CH, . 3.2 kg/s (1950-1960 -9.6 x lo8 kg CH, 

CH, production) 

CO, production) 

Scenario 11. 
1999-2019 

Finally, we present in Figure 8 a scenario to examine the process of density stratification within the 
reservoir for the case of no CH, production. In this scenario, CO, is injected for 10 years and then 
allowed to migrate as driven by density and pressure gradients. As seen in Figure 8, CO, moves 
downwards due to its greater density relative to CH,, a process favorable for CSEGR. 

CONCLUSIONS 

The Rio Vista Gas Field is a potential site for CSEGR. Properties of natural gas reservoirs and of 
CO, and CH, are favorable for repressurization without extensive mixing over time scales of 
practical interest. Simulations of the process of CO, injection, into a depleted natural gas reservoir 
carried out with TOUGHZiEOS7C confirm the plausibility of CSEGR as a way to sequester 
carbon while enhancing methane recovery. Simulations that use realistic estimates of CO, 
produced from the Antioch gas-fired power plant show that with CSEGR, more than five times the 
mass of methane can be recovered relative to that which would be produced without CSEGR. 

average rate) 
CO, CH, CO,: 8.2kg/s 5.1 x lo9 kg CO, 

CH,: Variable (constant -1.1 x IO9 kg CH, 
pressure of 39 bars) 
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Figure 1 b o  Vista Gas Field area map showing gas fields in black 
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Figure 6. Simulated mass production rates of 
CH, for Scenarios I, II, and projected if no 
CSEGR. 

Figure 5. Pressure and CH, mass fraction 
evolution for Scenarios I and II. 
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Figure 7. Mass fraction of CO, in the gas 
phase and gas velocity at i = 1 yr and 10 yrs 
with no CH, production. 

Figure 8. Mass fraction CO, in the gas phase 
and gas velocity at t = 10 yrs and 100 yrs for 
the case of gravity-driven density stratification 
following 10 years of CO, injection. 
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FIELD-TESTING Cot  SEQUESTRATION AND ENHANCED 
COALBED METHANE RECOVERY IN ALBERTA, CANADA - A 

HISTORICAL PERSPECTIVE AND FUTURE PLANS . 
william D. Gunter and Sam Wong, Alberta Research Council, 250 Karl Clark Road, 

Edmonton, AB, Canada T6N 1W; and Thomas Gentzis, National Centre for Upgrading 
Technology, 1 Oil Patch Drive, Suite A202, Devon, AB, Canada T9G 1A8 

ABSTRACT 
The Alberta Research Council is leading a program on the reduction of greenhouse gas 
emissions by injecting CO2, N2, and flue gas in a deep coal seam while enhancing the 
recovery factors and production rates of methane. A field test was carried out in 1998 to 
obtain accurate information on C02 storage and production of CHq following a C02 
injectiodsoak period. Experimental data was used to calibrate simulation models for a 
feasibility analysis of a full-scale, 5-spot pilot study planned for 2000-2002. In late 1999, 
a new well was drilled and completed in order to perform a simulated flue gas micro-pilot 
test into the coal seam. Three additional well may be drilled in 2001. Subsequently, gases 
will be injected into the four wells and production will be monitored from a fifth well 
over a 12-month period. Full-scale commercial development could begin as early as 
2003. 

KEYWORDS: Coalbed methane recovery, C o t  storage, Alberta Basin 

INTRODUCTION 
The coalbed methane (CBM) recoverable resources in the Plains and Foothills regions of 
the Western Canada Sedimentary Basin (WCSB) are estimated to be. 135 to 261 trillion 
cubic feet (TCF) and are comparable to the marketable conventional gas endowment of 
263 TCF (1). About 48.5 megatonnes (Mt) or 32% of the 151 Mt of COz emissions 
generated in Alberta in 1996 originated from coal-fired power plants (Figure 1). The 
above figure also shows that coal beds in the Alberta part of the WCSB are second only 
to aquifers in terms of storage capacity for C02 (2). An abundance of deep and unminable 
coal seams in Alberta makes geological storage of COz applicable, particularly in those 
areas located in close proximity to power plants emitting large quantities of COz, a 
greenhouse gas (GHG). In such a storage process, the COz produced from the power 
plants could be injected into the coal seams to produce CBM. This could lead to null- 
GHG power plants that would be fuelled by methane released from the deep coals in a 
cyclical approach that would eliminate any release of COz to the atmosphere. 

The Alberta Research Council is currently leading a multi-phase study on field-testing 
COz-enhanced CBM recovery at a site near Fenn Big Valley, Alberta, Canada. Phase I 
encompassed a paper study of the initial assessment and proof of concept of injecting 
C02, nitrogen, and flue gas into Mannville Group coals (Lower Cretaceous age) in the 
Alberta Basin. Phase Il concentrated on the design and implementation of a COz- micro- 
pilot test following procedures developed by Amoco Production Company for coals in 
the San Juan Basin in the U.S. The project is now in Phase Ill, which is to evaluate the 
design and implementation of a full-scale pilot project. Burlington Resources has 
successfully injected C02 into relatively high permeability coal s eam in the San Juan 
Basin and stimulated CBM production and recovery rates compared to primary 
production (a pressure depletion process). Additional tests are needed to demonstrate the 
concept for the low permeability coals of the Alberta Basin and elsewhere in the world. 

RESULTS AND DISCUSSION 
Following the successful completion of Phase I in the summer of 1997, Phase U 
proceeded in a timely manner and was completed in the spring of 1999. The primary 
goals of Phase II were the following: (1) to accurately measure data from a single well 
test involving a series of COZ injectiodsoak cycles followed by production of COz and 
methane; (2) to history match the measured data with a comprehensive coal gas reservoir 
simulation model in order to obtain estimates of reservoir properties and sorption 
charactenstics; and (3) to calibrate simulation models to predict the behaviour of a large- 
scale pilot project or full field development. The field test was carried out in an existing 
Gulf Canada well at the Fenn Big Valley location in the central Alberta Plains. Phase 
was, in essence, the prelude to a full-scale 5-spot pilot test. The study concluded that a 



full-scale pilot COz sequestrationKCBM (enhanced coalbed methane recovery) project is 
possible in the above location (3). 

The economic feasibility analysis of Phase I1 revealed that flue gas injection offers better 
economic retum than pure COZ injection unless there is credit for the COz avoided. At a 
rate of US$I.OO per thousand standard cubic feet (MSCF) of C02 (US$19 per tonne), the 
COz would account for US$Z.OO per MSCF of methane sold, assuming that it takes at 
least 2 cubic fset of COz injected for each cubic feet of methane produced. The C02- 
ECBM recovery mechanism is shown in Figure 2 (4-5). It might be advantageous to 
optimize the C O f i l  composition of the flue gas when considering C02 
storage/sequestration options. If flue gas is injected, the COz would remain sorbed in the 
coal matrix while the majority of Nz, by being adsorbed less than Cot ,  would be 
produced along with the methane. Flue gas injection would enhance CBM production 
rates by more than a factor of two (6). However, the early breakthrough of Nz at the 
production well will cause an additional expense of having to separate NZ from methane 
for sales. Pressure swing adsorption (PSA) systems are the optimum method to remove 
N2 from the produced gas for small-scaldarge NZ content operations whereas cryogenic 
processes are favored for large field operations (7). Flue gas conditioning, compression, 
and N2/CH4 separation in surface facilities remain some of the technical challenges that 
will be addressed in Phase III. 

Therefore. by combining COz and N2 for injection, the appearance of NZ will be retarded 
compared to a pure Nz injection stream and the methane production rate will be enhanced 
compared to a pure C02 stream [6] .  However, gas separation will play a key role in the 
production of methane from coal beds and the most economic gas separation method for 
the injection gas stream will depend on the specified CO~concentration of this stream (7). 

The three numerical models that were evaluated in Phase I1 adequately predicted the 
primary production of CBM. One such simulation, based on a %pot, 320-acre pattern, 
showed that CH4 production rate increased by a factor of about 5 compared to primary 
production when flue gas was injected but methane production decreased rapidly (Figure 
3). On the other hand, pure COZ injection resulted in methane production at lower rates 
but for much longer periods of time. Only one out of the three models evaluated was 
suitable to simulate flue gas injection. None of the three simulation software packages 
were capable of predicting the produced gas composition in the field test with any degree 
of accuracy. A better understanding of the process mechanisms involved, for example 
multiple gas sorption and diffusion, and changes in coal matrix volume due to 
sorptioddesorption of gases is needed to guide any future development of the models. 

Phase IU was divided in two parts, to be conducted in stages from 1999 to 2001. Phase 
EI-A evaluated the options for the treatment of flue gas, compression and associated 
economics to optimize C02 storage and CBM recovery both at the pilot and commercial 
scales. A second well was drilled and completed in the fall of 1999. Two flue gas micro- 
pilot tests, first of this kind in the world that involve injection of flue gas into a coal seam 
were carried out. Initially, core samples were taken from the second well and evaluated to 
determine the gas-in-place volume, gas composition, and gas storage capacity. The 
micro-pilot test was performed in the spring of Z o o 0  by injecting a simulated flue gas 
steam consisting of two different ratios of N2 and C02 to obtain greater methane recovery 
without any hindrance to C02 storage. The data will be used to finalize the design of the 
full-scale project that will be implemented in Phase In-B. 

Phase III-B encompasses the implementation of a 5-spot field pilot, which would consist 
of four injection wells and one production wells, sized in a rectangular pattern between 
20 and 40 acres. The objective of this phase would be to demonstrate the viability of a 
large-scale COz storageiECBM project and to obtain information on the specifications of 
the technology required to perfom a full-scale development project. These specifications 
will be used to design flue gas collection and treatment facilities, compression, and gas 
productiodseparation facilities. The current plans call for the 5-spot pilot to be performed 
in the Fenn Big Valley site. Three additional wells will be drilled in 2001. These wells, 
along the one drilled in 1999 and the existing Gulf Canada well will comprise the 5 wells 
needed for the large pilot. Injection will begin in 2001 and will continue for 12 months. 
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If the large-scale pilot is successful, full-scale development could begin in 2003 either on 
the above site or at another suitable location in the Alberta Basin. 

Although most of the work so far has focused on the Manville Group coals in the Fenn 
Big Valley area, a parallel study conducted by the Geological Survey of Canada evaluates 
the geological properties of other unminable coal seams in Alberta, such as those of the 
Edmonton and the Ardley groups (Upper Cretaceous-Lower Tertiary). The Edmonton 
coals are shallower than the Mannville coals and are located in closer proximity to major 
coal-fired power plants, thus making these coals favourable targets for COZ storage. On 
the other hand, the Ardley coals are being investigated because of their higher 
permeability and lower injection pressures and costs required for a successful pilot. 

CONCLUSION 
In conclusion, flue gas injection into coalbed reservoirs has scientific merit and is more 
economical than pure COz injection for ECBM recovery purposes. Existing information 
on any field experience of injecting flue gas into geological formations is scarce. More 
work is needed on the gas treating, compression, and injection methods in order to allow 
US to determine the economics between COZ storage and methane production from coal 
beds. 
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Figure 2 COz-enhanced coalbed methane recovery mechanism. 
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Figure 3 Coalbed methane production rate over time for primary recovery and as a 
result of pure CO1 and flue gas injection. 
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ABSTRACT 

Australia is only a minor contributor to greenhouse gas (GHG) emissions globally but is a major 
contributor on a per capita basis. Owing to its dependence on coal-fired electricity generation, 
its energy intensive industries such as mining, aluminium, iron and steel, as well as its 
agriculture and land clearing practices, Australia’s GHG emissions have already risen to I1 1% of 
the baseline 1990 levels. Consequently the Australian Government has moved from its previous 
‘no regrets’ GHG abatement policies to issue new initiatives ranging from incentives and 
assistance programs on renewable energy, energy efficiency and alternative hels,  to a mandated 
target of 2% increase in renewable-based power generation (from 10% to 12%). Given the 
Government commitment of almost AUD$l billion over four years, these programs focus on the 
implementation of technologies available in the short-term rather than hnding major long term 
development of new GHG abatement technologies. 

INTRODUCTION 

Australia, a large land mass approximately the area of continental USA containing about 19 
million people, is rich in minerals and agricultural resources. It exports each year substantial 
quantities of raw and semi-processed minerals and metals as well as agricultural products As a 
consequence of these factors, its energy use is high; for example, its electricity generation has 
increased from 155 TWh in 1990 to 179 TWh in 1998, with a fkther projected increase of over 
40% by 2010. Australian energy use by source is shown in Tablel. 

Greenhouse gas emissions worldwide exceed 41,000 million metric tons (tonnes) COI equivalent 
gnnually, of which Australia’s contribution is very small, about 1.4%. However, on a per capita 
basis at 26.7 tonnes COz equivalent, Australia is amongst the highest emitters, 25 % higher than 
the USA and 2-3 times the annual per capita emissions of other developed countries, e.g. 
Germany at 12.6 tonnes. Further, by 1996, greenhouse gas emissions in Australia had increased 
to 11 1% of its 1990 baseline levels, already exceeding the emission target of 108% of 1990 
baseline levels assigned at the Kyoto Greenhouse Summit in December 1997. 

Australia in 1992 implemented a National Greenhouse Response Strategy, involving the 
voluntary cooperation and input by different levels of government, industry and the community 
for pursuing reduction of greenhouse gas (GHG) emissions. Shortly before the Kyoto meeting 
Australia moved from this “no-regrets’’ voluntary approach, e.g. the Greenhouse Challenge 
Agreement, to a more proactive strategy to combat and control the rising greenhouse gas 
emissions. In November 1997, the Prime Minister, Hon. John Howard announced a major policy 
statement entitled, Safeguarding the Future: Australia ’s Respome to Climate Change, that 
included a AuD$I80 million package for addressing climate change and GHG emission issues. 
Since this announcement the Australian Government has expanded its initiatives and funding, to 
near AUD$I billion over 4-5 years, for a range of GHG emissions reduction projects. 

This paper highlights various Government initiatives and programs. It also provides insight into 
selected key projects aimed at arresting Australia’s continuing rise in COZ emissions. 

GREENHOUSE ABATEMENT POLICIESE’ROGRAMS 

Underlying Australia’s greenhouse abatement policies are the following premises: 

1, Australia’s competitive position in international markets should not be disadvantaged by 
policies and measures to reduce GHG emissions 

2. Nuclear power is not a politically acceptable option in the short to medium term based on 
prevailing community attitudes. 
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The November 1997 Statement highlighted a range of financial incentives for energy efficiency 
and renewable energy programs along with mandating a 2 % increase in power generation from 
‘new’ renewable energy sources. These policies and programs have subsequently been 
supplemented and expanded. The Australian Greenhouse Office (AGO) was formed to 
coordinate and implement the various greenhouse programs and measures, including the 
National Greenhouse Strategy (NGS). 

Programs now being supported by the Australian Government include: 

e 

Renewable Energy Showcase Projects 
Renewable Energy Commercialisation Program 
Household Photovoltaic Scheme 
Alternative Fuels Conversion Program and Diesel Fuel/Alternative Fuels Grant 
Cities for Climate ProtectionTM 
Efficiency Standards for Power Generation 
Bush (i.e. Outback) for Greenhouse 
International Greenhouse Partnerships (previously Activities Implemented Jointly) 

The measure requiring a 2% increase in the use of ‘new renewables’ for power generation over 
existing levels by 2010 has also been strengthened to include a penalty of AUDMO/MWh for 
non-attainment of the target. 

The State and Local governments in Australia, having a degree of autonomy on energy and GHG 
matters, have strongly supported the Australian Government national programs as well as 
initiating State programs such as: 

Greenhouse Challenge - an expanded registry of companies, organizations and govem- 
ment authorities giving voluntary commitments to reduce their GHG emissions 

o 

The Green Power Program offering higher priced but renewables-based electricity 
Cogeneration and biomass generation incentives 
Eneigy efficiency labeling for household appliances 
Energy Smart programs and awards for companies, schools and other organizations 

While the impact of these measures is difficult to quantify, there is general agreement that more 
action is required if Australia is  to achieve its GHG targets. Carbon credit trading is an 
additional measure that various jurisdictions see as having potential to assist Australia meet its 
Kyoto obligations. The AGO has issued four discussion papers on the topic and is assessing the 
responses. Meanwhile the Sydney Futures Exchange is setting up electronic trading systems for 
a carbon credit market. 

A major element of carbon trading schemes in Australia is sequestration credits from forestry 
activities. Forestry is largely a State responsibility and these carbon credit schemes vary from 
State to State. However, most State governments are actively pursuing forestry management 
programs and encouraging investment in future carbon sequestration ,credits. For example, 
TEPCO of Japan has significant forestry investments in NSW and Tasmania. 

The Australian Government has also recently announced a model for a greenhouse trigger that 
would apply to actions or development projects that are likely to generate GHG emissions of 
over 500,000 tonnes of COz equivalent in any 12 month period. This trigger could be applied 
under the Commonwealth’s new Environment Protection and Biodiversity Act 1999 The 
proposed emissions threshold corresponds to approximately 10% of the average annual rise in 
Australia’s total GHG emissions (1). 

The current emphasis of the Australian Government funded greenhouse abatement programs is in 
maximising reductions in GHG emissions via demonstration, commercialisation and enhanced 
market acceptance of available or near-term renewable energy and energy efficiency 
technologies. A more detailed report summarising the various programs and including pertinent 
web sites, has been published elsewhere (2). 

RENEWABLE ENERGY DEVELOPMENTS 

2% Renewable Energy Target: The mandated 2% Renewable Target has been defined as 9500 
GWh (about 2800MW) of green power that electricity suppliers are required to obtain from new 
renewable sources. Currently some 10 % of Australia’s electricity is generated from renewable 
sources. Table 2 gives a breakdown of renewable energy sources for 1998 
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Beginning in 2001 with an additional 400 GWh of new renewables-based electricity, the measure 
will be phased in steps reaching 9500 GWh in 2010. As a minimum, the target amount is to be 
maintained through the period 2010-2020. 

This 2% Target measure has already provided a significant boost to developing the renewable 
energy industry in Australia, and could stimulate at least AUD$Z billion investment. Hence it is 
a major driver to develop new renewable energy sources for reducing GHG emissions. 

SWERF Waste-to Energy Facility in NSW: Energy Developments Limited (EDL) is constructing 
a Solid Waste Energy Recycling Facility (SWERF) in Wollongong, NSW following a 
Renewable Energy Showcase Grant of $2 million from the AGO. Based on 10 years 
development, the SWERF project will convert household trash to ‘green’ electricity with the 
potential for consuming 90% of the waste collected by Wollongong City Council currently going 
to landfill. Assuming a yield of 85% organic pulp (putrescibles, organics, paper, plastic), it is 
estimated that 100 tonnes of municipal solid waste will generate 90 MWh of electricity (3). 

The EDL facility, costing AUD $10 million for initial development, has ,been designed to 
separate recyclable materials, such as metals and glass, from unsorted household garbage and 
gasify the organic-based remainder using the Brightstar Environmental gasification technology. 
The gas is burned in reciprocating engines to generate electricity that is sent to the grid. The 
facility, having four 1.35 MW Gen-sets currently, is to be commissioned in July-August 2000. 
This demonstration phase will process some 20,000 tonnes per annum and, depending on a 
successful outcome, will be followed by two more distinct phases - 75,000 tonnes per annum and 
150,000 tonnes per annum. The latter will generate up to 16 M W  of electricity and substantially 
reduce the pressure on landfill sites. 

Lundfll-Gas fo Electricity: EDL also operates 16 landfill-gas power generation facilities around 
Australia with a combined capacity of 72 MW. The conversion into electricity of methane gas 
resulting’from anaerobic digestion of organic refuse avoided the release of 1.84 million tonnes of 
COz in the 1998-99 financial year. 

EagasseNood Waste Generation: The construction of Australia’s largest biomass project, 
costing AUD$50 M, at Rocky Point Sugar Mill, Queensland, is scheduled for May 2000. The 
completed facility is to generate 30 MW of ‘green” electricity from bagasse (typically 20-weeks 
sugarcane crushing season per year) and wood waste/green waste for use by consumers as well 
as steam and electricity for industrial users including the sugar mill and a nearby ethanol 
distillation plant. 

The project is being jointly developed by the Heck Group (Rocky Point Sugar Mill owners) and 
Stanwell Corporation (power generator) supported by an AGO Showcase Grant of AUD $3 
million (4). 

EP Solar Olympic Athletes Village: BP Solar, now BP Solarex following the merger of BP Oil 
with Amoco, is completing the installation of a 1 kW solar cell on each roof of the 650 houses at 
the Athletes Village for the 2000 Olympics in Sydney. The 12 solar laminates on each roof 
incorporate BP Solarex’s high efficiency (17 YO) Laser Grooved Buried Grid mono-crystalline 
technology. 

In Australia, BP Solarex manufactures solar cells from multi-crystalline and mono-crystalline 
technology. The Solarex facility in 1999 received a Renewable Energy Commercialisation Grant 
of AUD $482,000 to upgrade its multi-crystalline solar cell fabrication facility (4). By the end of 
year 2000, the company will be producing 13 MW of solar cell panels from it Sydney factory, 
with a projected output of 20 MW by the end of 2001. 

CONCLUSIONS 

The Australian Government has made a major commitment of almost $1 billion towards 
achieving its Kyoto obligations through its financial support of diverse renewable energy’ and 
energy efficiency programs. The focus of the programs is on maximising reductions in GHG 
emissions via the demonstration, commercialisation and improved market acceptance of 
renewable energy and energy efficient technologies. 

It is widely accepted that further measures will be needed for Australia to achieve its Kyoto 
targets. Options could include carbon credit trading, setting efficiency targets for major GHG 
emitters, and minimising the GHG impact of major development projects. 

. 
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At this stage, there is no substantial government funding of high risk R&D projects as is 
common in USA, Japan and Germany. The Australian Government, however, supports 
hndamental greenhouse research activities through several CSIRO Divisions (e& global 
warming and climate change at the Division of Atmospheric Research; carbon fixing in forests 
and crops at the Division of Forestry) and various Cooperative Research Centres (e.g. CRC for 
Greenhouse Accounting; CRC for Renewable Energy; CRC for Clean Power from Lignite). 

Increased joint government and industry funding of innovative technical solutions will be 
required to make further reductions in GHG emissions from Australia's particular energy 
generation and resource use as we move closer towards the Kyoto target dates of 2008-2012 and 
beyond. 
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Table 1. Australian Energy Use 1997-1998" 

Source Amount (%) 

Crude oil 34 
Black coal . 29 
Brown coal 13 
Natural gas ' 18 
Renewables 6 

*Source ABARE (5) 

Table 2. Mix of Renewable Energy sources in Australia in 1998* 

Source Capacity Generation 
(Mw) (GWh) 

Large hydro 7580 16,000 
Small hydro 200 700 
Biomass 330 800 

Sewage gas 49 90 
Black liquor 6 40 
Wind 2.7 4.8 
Grid photovoltaic 0.14 0.3 
Solar thermal 0.045 <1 
Remote area power systems 14 . <2 

TOTAL 8,200 17,700 

Landfill gas 15 20 

'Source: ESAA data (6) 
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Abstract 

Several industries are conducting research to reduce their greenhouse gas (GHG) 
emissions because of the growing concerns over the GHG’s effect on the atmosphere. 
In the petroleum industry, sequestration in active or depleted reservoirs seems a 
feasible solution towards lowering these emissions. Furthermore, injection in depleted 
reservoirs is said to offer important storage capacity, whereas injection in active 
reservoirs for enhanced oil recovery (EOR) combines GHG storage with the 
production of additional oil. 

This paper presents a systematic approach to investigating and comparing the benefits 
of C02 storage in depleted versus EOR reservoirs. The benchmark is the potential for 
net CO, sequestration over the lifetime of the reservoir. An example applying a 
lifecycle assessment to an ARC0 (now BP Amoco) project in West-Texas is 
described. The analysis on depleted reservoir storage is still in progress. However, 
preliminary results with EOR suggest GHG emissions from this power intensive 
process are small compared to the storage capacity of the formation, leading to a 
significant reduction of GHG emissions. 

Introduction 

With the burning of fossil fuel, arise anthropogenic emissions of greenhouse gases 
which enhance the natural greenhouse effect and could contribute to changing global 
climates. The petroleum and power industries are considering projects to reduce their 
emissions. Solutions include the offset of emissions by reforestation and forest 
management projects, as well as the reduction in emissions through energy efficiency 
improvements at their facilities, and sequestration of greenhouse gases in the oceans or 
underground in aquifers or fossil fuel reservoirs. 

Fossil fuel reservoirs are very attractive as storage for greenhouse gases (especially 
carbon dioxide) because of existing infrastructure andor a good understanding of the 
reservoirs. Two types of reservoirs can be used for that purpose: depleted reservoirs 
and reservoirs still active where enhanced oil recovery (EOR) can be applied. 

Depleted reservoirs have not been employed for the storage of carbon dioxide yet. 
However, for many years now, they have been an essential link in the supply chain to 
ensure uninterrupted availability of natural gas during periods of high-energy demand 
such as winter. When the demand is low and excess capacity occurs, natural gas is 
stored in depleted reservoirs. It is recovered later on when necessary. In 1997, there 
were at least 410 underground reservoirs in the United States used for natural gas 
storage, with a total working gas capacity of 108 billion cubic meters (Thompson, 
1997). Depleted reservoirs are located throughout the U.S. All areas of the United 
States with known oil and gas reservoirs also have depleted reservoirs. Both depleted 
oil reservoirs and depleted gas reservoirs can be used for storage of carbon dioxide and 
it is estimated the storage potential for these formations is around 794 billion metric 
tonnes worldwide (Stevens and Taber, 1999). This is a large potential for storage 
compared to the 6.6 billion metric tonnes of greenhouse gases in carbon dioxide 
equivalent emitted by the U.S. in 1997 (adapted from EPA, 1999). 
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For the case of active reservoirs, enhanced oil recovery is initiated when pumping 
techniques no longer produce enough oil for the fields to remain economically 
attractive. Supercritical carbon dioxide (C02) is injected in the reservoir and serves as 
an efficient solvent by reducing the viscosity of the oil, and thus enabling the oil to 
flow more readily to the producing wells. The carbon dioxide usually originates f?om 
naturally occurring C02 reservoirs, and in some cases C02 comes from processing 
plants. Reservoirs suitable for EOR are mostly located in the Permian Basin, TX, but 
can also be found in Alaska, California, Kansas, Oklahoma and the Texas Panhandle 
(Moritis, 1998). The current production from C02 EOR accounts for about 30 
thousand cubic meters of oil per day from a total of 63 projects, or about 3% of total 
U.S. oil production (Moritis, 2000). Typically, an average of 530 to 1750 cubic meters 
of C02 is injected per cubic meter of oil recovered (Beike and Holtz, 1996). The 
overall storage potential in EOR reservoirs is estimated to about 129 billion metric 
tonnes (Stevens and Taber, 1999). Therefore, reservoirs using C02 for enhanced oil 
recovery present the advantage of being able to store large quantities of C02 while 
providing the economic incentive of oil production. 

This presentation will compare the two storage options (depleted reservoirs versus 
EOR reservoirs) following a life cycle assessment methodology. Based on a currently 
operated EOR reservoir in the Permian Basin, we will investigate the storage potential 
as well as the emissions generated by the energy intensive process which includes the 
injection of the C02, its separation, capture and compression. The EOR reservoir 
analysis reflects the actual data from the case study with C02 originating from natural 
reservoirs and from the recycled CO*-rich stream of the processing plant (attached to 
the EOR process for the treatment of the produced gas stream). The depleted reservoir 
case is a virtual case, a modification of the same reservoir to fit a depleted situation. 

Methods -Life Cycle Assessment 

To determine the environmental burden associated with the injection of C02 in active 
or depleted reservoirs, we chose to use a life cycle assessment (LCA) in order to 
capture the impacts from “cradle to grave.” The LCA can be used for producVprocess 
comparison, pollution prevention or simply for understanding one process/product’s 
impacts on the environment. An LCA’s major strength is the objectivity of the 
environmental analysis, and the elimination of externalities in project management 
regarding environmental issues. 

The LCA follows a very structured methodology. We focused our efforts here on the 
inventory analysis and the impact analysis. Simply, the process is broken down into 
small entities, therefore facilitating the determination of input streams (resource 
requirement) and output streams (emissions) for each entity. The impact analysis 
provides a quantitative or qualitative characterization of the streams into and out of the 
system. 

This presentation will be limited to greenhouse gas emissions and to the boundary of 
the facility. The scope of this work includes the extraction of oil/gas ffom the 
reservoir, the processing of the gas phase (extraction and separation of the usual 
components such as COl, HzS, natural gas liquids), compression of the separated C02 
stream, and underground injection in the reservoir either for use in EOR or simply for 
long term storage. Because we are investigating an existing reservoir under EOR, the 
study will be limited to the estimated 40-year lifetime of the reservoir. 

A functional throughput unit was selected as a normalizing factor in order to allow for 
comparison among alternative approaches. In the case of EOR, and other methods of 
oil production in general, the net quantity of crude oil produced is the valued 
commodity. Therefore, releases to the environment and resources needed throughout 
the processes are quantified and indexed to the quantity of crude oil produced by the 
facility. 
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Emission 
Storage 
Balance 

This LCA analysis uses specific site data for field emissions and storage as well as for 
electricity generation. The data used to determine the emissions are in part from direct 
sampling, and in part estimates based on applicable emission factors (E&P Forum, 
1994; EPA, 1998; AP-42, 1998; IpCC, 1996). To remain conservative, the results 
presented below rely mainly on the E&P Forum emission factors or the EPA emission 
factors when no corresponding E&P Forum emission factors were available. The 
storage capacity is determined by performing a mass balance on the amount of CO2 
injected and the amount of C02 produced along with the oil. 

Carbon Dioxide Methane Nitrous Oxide 
On-site Off-site On-site Off-site On-site Off-site 
0.31 10.05 0.002 I 1.5 xl0-O 2 x10’ I 1.6 ~ 1 0 . ’  
3 0.2 
-2.6 -0.2 2 x10-’ 
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came from the recycling plant. We found that all of the C02 recycled is ultimately 
stored in the formation and 20% of the COz purchased from natural C02 reservoirs is 
stored again in the EOR reservoir. 

The part of the analysis related to storage of carbon dioxide in depleted reservoirs is 
still in progress. Therefore, we are unable to provide a comparison of both types of 
storage at this time, but will present the complete results of the study at the conference. 
However, we expect emissions for depleted reservoir storage to be in the same order of 
magnitude than for the EOR process. The depleted reservoir storage capacity should e 

be significantly higher because EOR requires injection of additional fluids in the 
reservoir, like water, to boost production. Also injection in depleted reservoir is easier 
to monitor because nothing is ac$ally removed from the reservoir. 

Conclusion 

The first part of the analysis demonstrates the C02 storage potential of an oil reservoir 
in the Permian Basin, TX, through the use of enhanced oil recovery. Concurrent with 
the storage possibilities in an active reservoir, we estimated the greenhouse gas 
emissions originating from the range of equipment used and from flaring practices and 
fugitive emissions. The results suggest the EOR process is not only a major C02 user, 
but could also be a significant way to store the COz underground. This study, so far, 
also illustrates that the overall sequestration efficiency could be enhanced by utilizing 
captured and recycled COz from process vents and stack effluents, instead of using 
C02 from natural reservoirs. 

The second part of the study on injection of C02 in depleted reservoirs will be 
presented at the conference. We will analyze and compare both storage options 
focusing on storage capacity and emissions associated with separation and 
compression of the CO? stream. Incentives might play a significant role in the 
implementation and widespread use of these storage options. 
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ABSTRACT 
Saline water-bearing formations that extend beneath much of the continental United States 

are attractive candidates for disposal of CO, produced during power generation or by other 
industrial processes. We have quantified the characteristics of saline formations that assure that 
gas can be efficiently injected into the selected subsurface unit and that it will remain 
sequestered for suitably long time periods. A GIS data base of these geologic attributes of 21 
saline formations is available to support data analysis and comparison with CO, source locations. 
Attributes include depth, permeability, formation thickness, net sand thickness, percent shale, 
sand-body continuity, top seal thickness, continuity of top seal, hydrocarbon production from 
interval, fluid residence time, flow direction, C02soluhility in brine (P, T and salinity), rock 
mineralogy, water chemistry, and porosity. Variations in formation properties should be 
considered in order to match a surface greenhouse gas emissions reduction operation with a 
suitable subsurface disposal site. 
INTRODUCTION 

For COz sequestration to be a successful component in U.S. emission-reduction strategies 
requires a favorable intersection of a number of variables such as the market for electricity, fuel 
source, power and industrial plant design and operation, a suitable geologic host for 
sequestration, and a suitable pipeline or right-of-way from the plant to the injection site. The 
concept of CO, sequestration in saline water-bearing formations (saline “aquifers”) isolated at 
depths below potable aquifers became of widespread interest several years ago (Bergman and 
Winter, 1995) and continues to evolve. Saline formations are attractive because large volumes of 
prospective sink underlie many parts of the United States. Significant barriers remain, however, 
including high costs and potential citizen concerns about the safety and effectiveness of this 
process. Our contribution to the U S .  effort to reduce greenhouse gas emission via underground 
sequestration is a data base of formations that may have potential for sequestering CO? This data 
base can be used to (1) match CO, sources with prospective sinks, (2) conduct preliminary 
feasibility analysis, and (3) build various types of economic and process models. Our goal is to 
provide low-cost but realistic data that can support the search for viable options for CO, 
sequestration. 

The scope of our investigations is saline water-bearing formations outside of oil and gas 
fields. We are accepting the concept of hydrodynamic trapping (Hitchon, 1996), in which the 
CO, is isolated from the atmosphere and potable water supplies by vety long (>1.000 yr) travel 
times between the injection site and these environments. A structural trap for the CO, is not 
required. We are also focusing on onshore sites near large or closely spaced commercial power 
plants and other industrial centers with point-source emissions of CO,. This definition allows 
exploration for large volumes of saline formations that may he optimal injection sites near 
sources where sequestration could be undertaken at minimal cost. 

METHODS 
In the feasibility phase of our project, we ( I )  mapped the 1996 carbon emissions of power 

plants to identify basins where sinks would be useful, (2) collected informal information on the 
areal distribution of industrial CO, sources, (3) identified 16 parameters that describe the 
properties of reservoirs and seals in potential sinks, and (4) tested the feasibility of collecting 
these data in saline formations. 

During Phase II of our project, we compiled regional scale information and quantitatively 
mapped the 16 parameters for at least one target saline formation in 21 basins. This data 
compilation is based entirely on literature review, employing regional summaries, water-supply 
papers, state survey and U.S. Geological Survey maps and publications, oil and gas resource 
assessments, waste injection literature, and unpublished data sources including theses and 
contract reports. We used recent stratigraphic overviews to identify at least one potential saline 



aquifer in areas with CO, sources. Then we conducted a literature search using GeoRef 
(http://georef.cos.com/) and other online resources and consulted local experts to locate, acquire, 
and compile the required information, We ranked the quality of data for each parameter as 
follows: (1) detailed data digitized from the cited source, (2) generalized or schematic data from 
the cited source, (3) detailed data interpreted during this project, (4) sparse or descriptive data 
interpreted during this project, and (5) little or no data, values based on analog data. 

Raw data showing the spatial distribution of each parameter was digitized. In most basins, 
the raw data consisted of one or more paper maps, which were scanned and georeferenced using 
Cartesian projection and latitude-longitude as calibration points, digitized using NDS Mapper 
software, attributed, and imported into ESRI ArcView GIS (geographic information system). 
One source of error in the data base lies in unknown projection and imprecise registration of the 
source maps. A few data sets were obtained in digital format (for example, from N. Gupta 
Battelle Memorial Institute, USGS online sources, and an unpublished oil field data base 
compiled by M. Holtz, Bureau of Economic Geology). 

Data were then manipulated in GIS and spreadsheet software to standardize highly variable 
raw data. Once in Arcview the maps were reprojected in meters and in Albers Equal Area 
projection, and the spreadsheet data were standardized into common units. Variability in original 
data is the major source of error in the data set; however, standardization is necessary for 
interbasinal comparisons, and we think that the precision is adequate for the intended purpose of 
supporting the search for CO, sequestration options. Site-specific follow-up studies will be 
required at any potential sequestration prospect to confirm relationships observed at a regional 
scale. 

We did not attempt a comprehensive survey of potential saline formations. Saline 
formapons were selected using the following informal criteria: (1) the formation has geographic 
and geologic potential to serve as a sink for areas of point-source CO, emissions, (2) sufficient 
data were located to map some of the parameters, and (3) inclusion of the formation contributes a 
geologically diverse set of potential sinks to be used for modeling experiments. 

RESULTS 

During the feasibility phase of evaluation of parameters that describe the properties of 
reservoirs and seals in potential sinks, we decided that the state of thc science was too immature 
to determine which variables are critical. We therefore decided to compile diverse data. 
Variables were selected either because other workers have used them for models or basin 
assessment (for example Hendriks and Blok, 1995; Holloway and van der Straaten, 1995; Koide 
and others, 1995; Hitchon, 1996; van der Meer, 1996; Weir and others, 1996; Gupta and others 
1998) or because they are commonly used in reservoir evaluation or for underground waste 
disposal site evaluation. These diverse data sets will then facilitate further evaluation and 
modeling. 

Six parameters were selected primarily to describe injectivity. Injectivity controls how fast 
CO, can be injected into the saline formation without excessive pressure buildup. Depth is a 
primary constraint on the density of the injected CO,. At typical temperature and pressure 800 m 
approximates the critical point, below which CO, requires less volume, which improves 
injectivity. Permeability and formation thickness are the rock variables that determine the flow 
rate from a well. Net sand (net high permeability strata) describes the thickness of the strata that 
accept fluid and are used for capacity assessment. Percent shale and sand-body continuity are 
indexes to the internal heterogeneity of the injection unit; they are needed to model the behavior 
of the CO, after it is injected. 

Ten parameters were collected primarily to assess how effective the unit would be at 
trapping the CO,. Under most conditions, CO, at critical point will be buoyant in brine. The top 
seal is defined as the low-permeability unit above the prospective injection unit that will limit 
leakage of the injected CO, upward into potable water and the atmosphere. The thickness of the 
top seal as well as its continuity can be used to calculate the rate of escape of CO, to assure that 
trapping will be effective. Production of oil or gas from the interval can provide a pathway for 
more rapid release of CO, to the atmosphere; pragmatically it raises issues of mineral rights. 
Injection of CO, in producing intervals can be beneficial to production, maintaining pressure and 
helping to mobilize oil. Use or reuse of hydrocarbon reservoirs for CO, sequestration has been 
considered in a number of studies, such as Holtz and others (1999). and is therefore not the focus 
of our study. Because we are using a hydrodynamic trapping assumption, fluid residence time 
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and flow direction are important in assessing effectiveness of lateral trapping in the formation 
and identifying potential short lateral paths for leakage to fresh water or the atmosphere, 
Temperature, pressure, and salinity are major variables in calculating C02 solubility in brine. 
Mineral trapping, in which CO, reacts with minerals in the rock, can also provide a very long 
term trapping mechanism (Hitchon, 1996); therefore, we compiled rock mineralogy and brine 
chemistry to permit assessment of the role of this process. Porosity is a simple variable for 
assessing the total volume of storage in the saline formation. 

We identified 21 candidate formations in onshore US. basins, including Los Angeles, 
Powder River, Sevier, Mojave, South Carolina, Alabama, North Carolina , Appalachian, Illinois, 
Texas Gulf Coast, East Texas, Florida, Black Warrior, Denver, Williston, Michigan, San Juan, 
Palo Duro, and Anadarko. Data sets of 16 parameters for the target saline formation in each basin 
have been compiled and digitized. In many basins, several potential prospects were identified. 
We selected one or two formations to characterize in this study and note the potential for 
additional resource in overlying and underlying formations. 

DISCUSSION 
When we proposed this study, we thought that saline formations were generally poorly 

known because they are unused. We expected to have to interpolate information from oil and gas 
producing areas and aquifers. However, during the feasibly phase as well as the assessment 
phase, we found that data describing saline formations at a regional scale are moderately 
abundant. Data are derived from regional studies integrating areas productive for resources as 
well as assessment of saline formations themselves for potential for deep well injection of waste 
or saline water resources. In many places more detail can be extracted from sources such as well 
records and regulatory information from various types of injection, including waste and gas 
storage. 

Capacity for CO, sequestration in different basins is highly variable. Primary causes of 
variability are formation thickness and permeability. For example, much larger volumes of CO, 
could be injected into thousands of feet of high-permeability sand typical of the Tertiary of the 
Gulf Coast than in the few hundred feet of older and less permeable basal Cambrian sandstones 
of the Midwest. In addition, quality of seals varies greatly, from thick, ductile mudstones to 
brittle and potentially highly fractured carbonate rocks. Many areas contain layered seal and 
permeable strata that may have the potcntial for greater protectiveness than a single thick seal. 
However, feasibility of implementing a sequestration project may not require optimal geologic 
conditions; other variables may bring a lower capacity sink into use. 

We did not attempt a comprehensive survey of potential saline formations; therefore, our 
study is not intended as a refinement of the total volume assessment of Bergman and Winter 
(1995) or as a tool for evaluating all the sequestration options at a given site. It is, however, 
suitable for meeting our goal to provide realistic data that can support the search for viable 
options for CO, sequestration. In addition, our study provides a template for additional data 
compilation to create a detailed national assessment of capacity. This flexible data base can be 
used for construction of other scenarios, for example, combination of CO, utilization and 
geologic sequestration. 

The data base is available to researchers in ArcView'format from the Bureau of Economic 
Geology (contact us at http://www.beg.utexas.edu/). 

CONCLUSIONS 
Variations in formation properties should be considered in order to match a surface 

greenhouse gas emissions reduction operation with a suitable subsurface disposal site. In this 
environment, where cost is a critical limiting factor, matching CO, capture processes with an 
optimal subsurface site for sequestration can be essential. This data base provides a vehicle for 
assessing the interaction between surface variables such as the nature of the source and type of 
capture and infrastructure and subsurface geologic variables. 
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INTRODUCTION 
The potential global warming effects of increased carbon dioxide (C02) in the atmosphere 

have recently gained national and international attention. Consequently, the search for different 
ways to reduce C02 emissions has increased, and among the options available is sequestration of 
C02 by injection into deep brine formations. However, when a less viscous fluid, such as COz is 
used to displace a more viscous fluid, such as brine, a flow instability phenomenon known as 
viscous fingering occurs. During this type of flow, the less viscous fluid forms fingers extending 
into the more viscous fluid. This phenomenon is significant to C G  sequestration in brine- 
saturated formations, because it will govern how much volume is available for C02 storage. 
Researchers desire to maximize the saturation of sequestered COZ. A greater understanding of 
the flow patterns might yield insight that could ultimately lead to the increase of C02sequestered. 
One way of observing the complex flow patterns that occur during immiscible displacements is to 
use an artificial porous medium made by etching channels of random width into glass plates. 
Since this medium is transparent, images of the flow can be recorded and used to characterize the 
geometry of the flow. Fractal dimension is one method that has been used to describe random 
geometries, including porosity (Hddgen et al, 1997), aggregates formed in different fluid 
mechanical environments (Logan and Kilps, 1995), and characterization of waste water treatment 
systems (bellouti et al, 1997). The fractal dimension is used in this study to characterize relative 
saturations of air under different fluid flow conditions. 

EXPERIMENTAL 

(see Figure 1) consists of a micro flow 
cell, which simulates the porous 
medium; a syringe pump, which 
provides a constant-volume-rate 
injection of fluid into the flow cell; a 
pressure transducer for measuring the 
pressure drop across the flow cell; and 
a balance for measuring the mass of 
the displaced fluid. The flow cell is 
made by etching channels of random 
width into a glass plate and fusing a 
second, flat plate to it, thereby 
creating a network of enclosed 
channels connected to inlet and outlet 
manifolds. A picture of one of the 
micro flow cells having random 
distribution of different channel widths 
used in this study is shown in Figure 2. 

The experimental flow system 

ea1mcc MIcrDCeII 

Figure 1: Experimental flow system 

Figure 2: Flow cell showing pattern formed by 
injection of air into a water-saturated cell. The cell 
inlet is on left and the outlet on right, 
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Channel widths for cell #1 are in the range of 175-575 pm and for cell #2 are in the range of 260- 
1305 Pm. In the experiment, the cell was first flooded with water to residual gas saturation. 
Then air was injected while the pressure drop across the cell and the mass of water displaced were 
~~corded .  Digital images of the cell were taken at regular intervals, usually 5 seconds, with a CCD 
camera. A computer program was developed to analyze the images for saturation and relative 
permeability calculations. Experiments were performed at different capillary numbers by use of 
different flow rates. 

ANALYSIS 
We use the box counting method (Aker, 1997) to analyze the pattern formed by the viscous 
fingers. In this method the image is covered with an array of square boxes, each box of size L, 
and the number of those boxes Nthat cover the injected-air pattern is counted. The relationship 
between N and the size of the box can be represented by 

N(L) - Ld (1) 

where dis  the box-counting dimension and is a hnction of the geometry of the pattern. For 
example, if all the channels of the cell were filled with air, N would be proportional to L-'. Or, if 
the air were to flow straight across the cell from entrance to exit filling only one channel, N would 
be proportional to L'. Since the actual pattern of the air flow is somewhere between these two 
extremes, Nwill be proportional to Ld, where 1 < d < 2. A log-log plot of the box counts can be 
used to determine d, as shown in Figure 3 .  

RESULTS AND DISCUSSION 
Results from three experiments &e discussed in this paper. These were conducted using 

two flow cells, and fixed injection rate Q and slightly different mobility ratiosM. The mobility 
ratio is defined as ratio of the viscosity of the displaced fluid to that of the displacing fluid. The 
experimehal conditions are shown in Table 1. 

t I O  I W  

L [in pixels] 

Table 1. Experimental Conditions 

175-575 

260-1305 

#1 Nacl soh. and 175-575 0.91 72.53 
co2 

The fractal dimensions of the flow patterns for these experiments are presented in Figure 
3. The data plotted are for the ultimate flow patterns observed at the end of each experiment. The 
plots of data from the dynamic phase of the experiment, when the flow patterns are changing, are 
parallel to the plots of the ultimate values. Fractal dimensions of 1.7 were obtained with water 
and air as the immiscible fluids. When a sodium chloride solution and COZ were used (experiment 
C), no change in d was observed. We also noted that the injection rate does not change the value 
of d over the range of injection rates used. 
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Thus, in our work we found that d does not depend on the physical properties of the flow 
cell; the mobility ratios, although the two mobility ratios are relatively close; and on the level of 
air saturation of the cell. This implies that d is more of a characteristic of the flow patterns than 
any other parameter. The values o f d  obtained in our studies characterize viscous fingers for 
diffusion-limited aggregation @LA) @leakin, 1983). Figure 4 shows the correlation between 
fractal dimension and saturation. 

CONCLUSIONS 
These experiments demonstrate that fractal dimension is a function of fluid saturation but is 
independent of physical properties of the porous media. This analysis will be useful for 

:j 
Figure 4: Fractal Dimension as a Function of Saturation 

determining the fraction of the porous media that the displacing fluid will occupy. This is critical 
in the case of CO2 sequestration into brine-saturated formations, because the more volume of 
space occupied by COz during sequestration the more effective the process is. 
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ABSTRACT 

Underground injection of gas is a common practice in the oil and gas industry. 
Injection into deep brine-saturated formations is a commercially proven method of 
sequestering CO,. However, it has long been known that the immiscible displacement 
Of a connate fluid by a less-dense and less-viscous fluid produces gravity override and 
unstable displacement fronts. These phenomena allow only a small fraction of the 
pore volume of a brine-saturated formation to be available for sequestration. A better 
understanding of the fluid displacement process could lead to reduced capital and 
operating costs by increasing CO, sequestration in deep aquifers. 
We have developed a pore-level model of the immiscible injection of a non-wetting 
fluid (C02) into a porous medium saturated with a wetting fluid (brine). This model 
incorporates a distribution of different "pore-throat" radii, the wettability of the 
formation (Le., the gas-liquid-solid contact angle), the interfacial tension between the 
fluids, the fluid viscosities and densities, and all other parameters that appear in the 
capillary pressure or the capillary, Bond, or fluid-trapping numbers. The computer 
code for the model maintains a constant injection velocity to within a few percent. 
This model has been used, with experimental values of viscosities and interfacial 
tensions, to study the high-pressure injection of carbon dioxide into brine-saturated 
porous media. Results are presented for the applied pressures, fluid-front geometries, 
residual saturations, and numbers of blocked throats. 

INTRODUCTION 
The possible effects of rising atmospheric concentrations of carbon dioxide on global 
climate are of worldwide concern. The U. S. Department of Energy and its National 
Energy Technology Laboratory have instituted programs to study various methods of 
sequestering CO,.[i], [2] Underground injection of gas has long been a common 
practice in the oil and gas industry.[s] Injection into deep brine-saturated formations is 
a commercially proven method of sequestering C02.[4] However, it has long been 
known that the immiscible displacement of a connate fluid by a lessdense and less- 
viscous fluid produces gravity override and unstable displacement fronts.[s] These 
phenomena allow only a small fraction of the pore volume of a brine-saturated 
formation to be available for SeqUeStratiOn.[q A better understanding of the fluid 
displacement process could lead to new technologies for alleviating these mobility 
control problems[q and to reduced capital and operating costs for CO, sequestration 
in deep aquifers. 
We have developed a pore-level model of the immiscible injection of a non-wetting 
fluid (COP) into a porous medium saturated with a wetting fluid (brine).[q This model, 
which is an extension of an earlier model for two miscible fluids,[8] incorporates a 
distribution of different "pore-throat" radii, the wettability of the formation (Le., the gas- 
liquid-solid contact angle), the interfacial tension between the fluids, the fluid 
viscosities and densities, and all other parameters that appear in the capillary 
pressure or the capillary, Bond, or fluid-trapping numbers. This model has been used, 
with experimental values of viscositiesls] and interfacial tensions,[io] to study the high- 
pressure injection of carbon dioxide into brine-saturated porous media. Results are 
presented for a variety of capillary numbers, showing trends in the applied pressures, 
fluid-front geometries, and residual saturations. 

DESCRIPTION OF THE MODEL 
This pore-level model of injection of carbon dioxide into a water-wet porous medium 
incorporates, as realistically as possible, both the capillary pressure blocking the 
invasion of narrow throats and the viscous pressure drop in a flowing fluid. The two- 
dimensional model consists of a square lattice of pore bodies with unit volume at the 
lattice sites and connecting throats, which are of unit length and have randomly 
chosen cross-sectional areas between 0 and 1. We choose to inject the carbon 
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dioxide along a diagonal; if we had chosen to inject along one side of the square 
lattice, we would have the artificial situation of one-half of the throats perpendicular to 
the average pressure gradient, making them more susceptible to capillary blocking 
because of a reduced pressure drop. This model is similar in spirit to other recent 
modeling efforts; but our model has some features which should make it more physical 
than other models: e.g. pore throats with real volumes, pore bodies with finite volume, 
constant velocity (giving a meaningful capillary number), and multiple checks on 
whether pores are blocked or unblocked.[ll].[12].[13] 
When the interface is in one of the pore throats, the radius of curvature, R, of the 
meniscus is fixed by contact angle, 0 , and the radius of the pore throat, r ; 

R = r I cos8. 
Therefore, the pressure drop across the meniscus is fixed at the capillary pressure 

(1 1 

where o is the surface tension. 
conductance times the total pressure drop across the throat, see Fig. (la). 

Here, pressure P, is the pressure in the non-wetting, CO, -filled pore body, and 
Pw is the pressure in the wetting water-filled pore body. The transmissibility 
(conductance) of the throat is given by Poiseuille's law (141 

Thus the flow velocity is given by the throat 

q = gthroat (pnw - pw - pcap 1. ( 3 4  

where p,,, is the viscosity of water, &mat is the cross-sectional area of the throat, 
(randomly chosen from a uniform distribution between 0 and l ) ,  x is the fraction of the 
throat of length 1 which is water-filled, and M is the ratio of the water viscosity to that 
of the carbon dioxide. From Eq. (3a). the CO, advances if the pressure difference 
between the CO, -filled pore and the water-filled pore exceeds the capillary pressure. 
Othewise the CO, will retreat. 

Fig. l a  Fig. l b  Fig. 2 
Meniscus in throat Meniscus at inlet 
Blocking is possible in 1 .b (see Eq. (5)) 
If the interface is at the entrance to a throat Fig. (lb)), the throat will be blocked if the 
pressure difference is positive but not large enough to overcome the capillary pressure 
in Eq. (2). In this case, the positive pressure difference creates a meniscus with a 
radius of curvature, R, satisfying the equation 

Example for determining gf in Eq. (6). 

where this radius of curvature is larger than the radius R in Eq. (1) needed to enter the 
throat. Therefore the throat is blocked ( q = 0 ) whenever a positive pressure drop is 
too small to push the meniscus into the throat, i.e. , whenever 

r '  (5) 
2 case o <  P, - Pw < - 
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If the pressure drop in Eq. (5) is negative (q is negative ; q = glhmal (P, - P, 1 ), 
the water re-invades the pore body ; and if the pressure drop exceeds the capillary 
Pressure, the non-wetting fluid advances; q is positive and given by Eq. 3a. 
Volume Conservation of the incompressible fluid dictates that the net volume flow, q, 
out Of any pore body must be zero. Using the above rules for the flow velocities, 
requiring that the net flow out of pore body (iJ) be zero leads to the following equation 
for Pid : 

(gi-2,j-1 + gi,j+l + gi-l,j + gi+l,j )Pi,j = (6) 

( gi-2,j-l Pi-2,j-Z + C+,j+l Pi+Z,j+2 + gi-1 j Pi.z,j + C++l,j Pi+z,j ) + 

( gfi-2,j-l Pcap,i-z,j -1 + gfi,j+l Pcap,i,j+1 + gfi-l,j Pcap,i-l,j + @i+l,j Pcap,i+l.j) 
Here the array gf is zero if there is no meniscus in the throat; for a meniscus in the 
throat gf = +g or -g depending on the direction of CO, advance in the throat (Fig. 2). 
TO determine the pressure field one iterates (Eq. 6) until stability is achieved (the 
residual is less than some small value); i.e. until 

R = C ( Pnew - Po,, )' < E , (7) 

where E is chosen to be small (e.g. 10" > E > lo-'). This value of E was adjusted to 
minimize run-time without seriously sacrificing massconservation. 
At a given time step, once the pressure field is determined for the initial choice of 
conductances, the interface is scanned to determine if there are changes in the throat 
blockages because of changes in the pressure drops. With these new conductances, 
the pressure field is redetermined by iterating Eq. (6). With the new pressure field, 
changesjn the blockages are re-determined. This procedure continues until there are 
no further changes in the blockages, or until the changes occur only in throats that 
have alternated (blocked to unblocked) three times or more. 
Once the pressure field has been determined and there are no more changes in throat 
blockage (excluding the oscillating blockages discussed above), we know the pressure 
field that will advance the interface. We choose a time interval that will advance the 
fluid one-half unit volume through the throat with the largest flow velocity. 
Flow can increase the amount of non-wetting fluid (CO,) within the pore throat, or 
through the pore throat into the pore body (Fig. 3a). Similarly, backflow can cause the 
interface to retreat within the pore throat (Fig. 3b) or through the pore throat into the 
pore body. 

Flow Rules: Fig. 3a) Top ; 3b) Bottom 
Fig. 3a) flow can advance the interface 
through the throat into the pore body 
Fig. 3b) the interface can retreat from 
a pore body into the throat and 
into the next pore body 

If the pore body becomes over-filled by carbon dioxide, the excess fluid is shared 
proportionally by the outflow throats (Fig. 4). However, if at these pressures the 

Fig. 4 If the flow over-fills a pore 
body at a given step, the over-filling 
is shared by the unblocked throats 
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carbon dioxide is blocked from entering any throats, the last time interval is 
recalculated so that the fluid will just fill the pore body with an excess of 5% or less. 
Similarly, if the water backflow fully re-invades a pore body, the excess water is 
shared by the outflow throats. 
If the carbon dioxide occupies two adjacent pores, without fully occupying the throat 
between them, there is a trapped plug of water in the throat. This plug will remain 
trapped in the throat unless the pressure drop across the throat is large enough to 
mobilize the plug of wetting fluid. The pressure drop across the throat must be larger 
than the capillary pressure to push the water out of the throat. If the pressure drop is 
large enough, we allow this water to reside in the pore until such a time as that pore is 
fully re-invaded by water. This assumption that the water remains in the pore is 
unphysical, because it is more favorable to have the wetting fluid re-invade the 
narrower throats filled with non-wetting fluid. The fraction of wetting fluid (water) 
participating in this unphysical process is calculated in the program. On the other 
hand, if water re-invades two adjacent pore bodies, without re-invading the connecting 
throat, the non-wetting carbon dioxide is moved to the low-pressure pore body. 

Fig 5a) Trapped COz will be moved to Fig. 5b) Trapped water will be moved to the 
the lower pressure pore body. low pressure pore body for a pressure drop 

exceeding the capillary pressure 
A throat is considered to be on the interface, if the pore body at one end contains 
some water and if the pore body at the other end is fully invaded by carbon dioxide (or 
was fully invaded and is not yet fully re-invaded by water due to backflow). 

RESULTS 
We have chosen parameters appropriate to high-pressure injection of carbon dioxide 
injection into a typical brine saturated reservoir: an interfacial tension, a = 21% , a 

contact angle of 0 = Oo, and a viscosity of the high pressure CO;! , p = 0.05 cp.p 0.151 

I 

I 

Figure 6) The flow pattern, the black pores are occupied by carbon dioxide. 

754 



w e  chose the scale of the medium (length of a typical throat) to be L =lo0 pm; thus, 
in our model porous medium, the largest throats will have a radius of 56 pm, and the 
Smallest capillary pressure (in this largest throat) will be Pcap,min = 7500 % . 
Using these values of the parameters, we have run this program on a 70x70 square 
lattice array, adjusting the pressure drop, AP , to maintain a constant flow velocity 

q =%- with q' = 116.0k1.4. For these parameters the capillary number is 3x10-5. 

Figure 6 shows the flow pattern after 10,000 time steps. The black areas are invaded 
by carbon dioxide. At this time the saturation is 24%. 
As mentioned, the velocity is approximately constant; small variations are within a 
standard deviation of less than 2%. To maintain this constant velocity, the pressure 
drop shows wide variations (see Fig. 7). 

* e' 
8n sec 

\ 

Figure 7) Pressure drop across the porous Figure 8) Number of throats of different 
medium as a function of injection time. types as a function of injection time. 
Figure 8 shows the dramatic effect of capillary blocking of the throats, near the end of 
this simulation there are 600 throats on the interface. Of these 600 throats, only 90 
are active with the rest being blocked. The total number of blocked throats consists of 
the 510 interfacial throats that are blocked and the 560 throats that have trapped, 
immobilized water (as in Fig. 5b, with the pressure drop being too small to mobilize the 
trapped water). 
Additional computer runs will lead to a greater understanding of the role of capillary 
trapping in Con sequestration and of the effectiveness of different sequestration 
schemes. 
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ABSTRACT 

The sequestration capacity o f  deep saline aquifers and abandoned oils reservoirs may be 
increased if dense carbon dioxide can be thickened. Random copolymers of 71 mol% 
fluoroacrylate and 29% styrene are the most effective C02 thickeners, inducing 2-200 fold 
increases in viscosity at concentrations of 0.1-5.0 wt%. The fluoroacrylate content of the 
copolymer assures C02 solubility, while the x-n stacking of the phenyl groups induces 
substantial viscosity increases. Non-fluorous analogs of these thickeners are being developed to 
dramatically reduce their cost. 

INTRODUCTION 

The focus of this paper is the sequestration of C02 in geologic formations, such as oil reservoirs, 
gas reservoirs, aqueous formations and deep and unmineable coal formations (DOE 1999). This 
mode of sequestration has already been initiated Sleipner West off the coast of Norway. At this 
site, C02 is separated from a natural gas off-shore production well, and then re-injected into an 
aquifer 1000 m under the North Sea. About 1 million tomes of COz are sequestered each year in 
this manner. The technologies associated with the injection of C02 into subterranean porous 
media containing water, gas and oil have been studied for decades. Of particular relevance is the 
use of COz to recover oil from sandstone or limestone formations. This C02 EOR technology 
provides a basis for understanding the phenomena involved in the flow of C02 in porous media. 
The 70 oil fields in the world that use C02 to displace oil from the formation sequester large 
volumes of C02 in the reservoir at the end of the project. The bulk of the COz currently used for 
these EOR projects is derived from natural C02 reservoirs, however. It is expected that in the 
future, C02 derived from power plant flue gas may be used for EOR. 

Another advantage of geologic sequestration is that a significant capacity for geologic 
sequestration exists in the US. Although estimates of the capacity for geologic sequestration can 
vary widely, they indicate a substantial potential for sequestration relative to anthropogenic C02 
emissions. Worldwide emission has been estimated to be 21.8 Gt COzlyr, or 5.9 Gt C/yr (Rubin, 
et al. 1992). The US generates 4.8 Gt COziyr, or 22% of these emissions. The US C02 output 
from all electric generating plants is 35% of this total, 0.46 GtC/yr, or 1.7 Gt/yr of COz, or 30.6 
TSCF/yr of C02. These sequestration capacity estimates for domestic geologic formations 
include 1-130 GtC for deep saline aquifers (Bergman and Winter, 1995), 10-25 GyC for natural 
gas reservoirs, 0.3GtC/yr for active gas fields (Baes, et al. 1980), 0.14 Gt/yr for depleted and 
abandoned oil reservoirs (DOE, 1993), 3 Gt C02 (Winter and Bergman, 1993) -30 Gt C02 
(Johnson, et al. 1992) for depleted oil and natural gas reservoirs. A worldwide estimate 320 Gt 
C02 has also been made (Koide, et al, 1992). 

There is an aspect of CO2 sequestration into geologic formations that may significantly diminish 
the capacity of aquifers and oilfields. Although the permeability or porous media to oil, water 
and C02 are of the same order of magnitude, the viscosity of the C02 is significantly less than 
the viscosity of oil or water. At sequestration conditions, the viscosity of C02 will be on the 
order of magnitude of 0.1 cp. Oil viscosity can be 0.2-20 cp, while brine viscosity is on the order 
of 1 cp. These low ratios (less than unity) of the displacing fluid (C02) to the displaced fluid 
(water or oil) result in poor vertical sweep efficiency as the CO2 preferentially flows through 
low permeability layers and poor areal sweep efficiency as viscous fingers of C02 bypass oil in 
each layer. These effects become more pronounced as the viscosity ratio becomes smaller. A 
substantial reduction in the effective volume for sequestration may occur because of the poor 
sweep efficiency of CO2 in an aquifer. For example, a comparison of the sequestration capacity 
estimates of The Netherlands indicated that a reduction of about an order-of-magnitude reduction 
of the sequestration capacity of an aquifer may occur if the effects of the low-viscosity of C02 on 
sweep efficiency are accounted for (van Engelenberg and Blok, 1991; van der Meer, 1992, van 
der Meer, et al. 1992). Therefore, if the viscosity of the C02 could be increased to a value 
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comparable to that of the fluid being displaced (water or oil), a significant increase in the 
sequestration capacity of aquifers and oilfields could be realized. An inexpensive C02-thickener 
that is capable of elevating the M to a value of unity would enhance the sequestration capacity of 
aquifers and oilfields. The ideal thickener would be effective in dilute concentrations, easy to 
dissolve in CO2, inexpensive, non-volatile, readily available in large quantities, environmentally 
benign and safe. Carbon dioxide thickeners had not been designed and synthesized until the late 
1990’s (Enick, 1998). 

MATERIAL AND METHODS 

Four novel types of C02 thickeners, semifluorinated trialkyltin fluorides, telechelic polyfluoro- 
urethane ionomers, fluorinated small hydrogen bonding compounds (Shi et al. 1999) and 
fluoroacrylate-styrene copolymers (Huang, et al. 2000) have been recently identified. Only the 
fluoroacrylate-styrene copolymers have exhibited the ability to induce dramatic increases in 
viscosity at dilute concentrations, however. The fluoroacrylate-styrene copolymer was 
composed of two monomers, a fluoroacrylate and styrene. These monomers were bulk- 
polymerized. The fluoroacrylate portion of the random copolymer imparted significant carbon 
dioxide solubility to the polymer. The styrene was relatively C02-phobic and interacted with the 
styrene functionalities of neighboring polymers in solution via “n-n stacking”. These 
intermolecular associations lead to the formation of macromolecular structures in solution that 
can induce tremendous increases in solution viscosity. The optimal composition of the 
copolymer was 29 mol% styrene-71 mol%fluoroacrylate. Greater concentrations of styrene led 
to marked decreases in COz solubility ands viscosity enhancement. Falling cylinder viscometry 
results for this copolymer were measured in a high pressure, windowed, variable volume view 
cell manufactured by D.B. Robinson. 

Unfortunhtely, these types of fluoroacrylate-styrene copolymers suffer an inherent disadvantage. 
The copolymer is predominantly fluoroacrylate and this fluorinated monomer is currently very 
expensive. Once injected into the aquifer, the thickener cannot be recovered and recycled, 
therefore all of the thickener will be “lost” to the reservoir. 3M uses fluoroacylate monomers in 
their products, and the lowest price of their fluoroacrylate polymers is on the order of $50- 
10011b. Even at $50/lb, the O . l w t %  (1000 ppm) copolymer would add approximately $100/ton 
COz injected in chemical costs alone. At a concentration of 0.01 wt% (100 ppm) the added cost 
of this chemical would be $lO/ton, and at 0.001 wt% the cost would be $Ikon C02. The 
economics of sequestration would therefore require this type of thickener to be effective at 
concentrations as low as 0.001 wt% (1 ppm). Although it is reasonable to expect a significant 
viscosity increase at O.lwt%, it is highly unlikely that any thickener can be effective at 
concentrations of 0.01 wt% or less. 

Therefore our objective was to identify an environmentally benign, C02-thickener that is two 
orders of magnitudes less expensive that the fluoroacrylate-styrene copolymer. Clearly, the 
copolymer must contain no fluorine, and preferably it should be composed of onb carbon, 
hydrogen and oxygen. If this can be achieved, it is quite reasonable to expect that an affordable 
C02-thickener can be identified for geologic sequestration applications. Our strategy for 
designing an inexpensive COz-thickener was (a) to identify a highly C02-philic polymer, (b) to 
maximize its molecular weight, and (c) to modify its structure to incorporation C02-phobic 
functional groups that lead to viscosity-enhancing macromolecular structures in solution. The 
results of the first step (a) will be presented. An example of a highly CO1 soluble, non-fluorous 
copolymer was obtained by copolymerizing C02 and a cyclic ether to form an ether-carbonate 
copolymer (Sarbu, et al. 2000). This was done by copolymerizing either propylene oxide (PO), 
ethylene oxide (EO), or cyclohexene oxide (CHO) with C02 using sterically hindered aluminum 
catalysts, Figure 1. Note that COz is a raw material for the synthesis of the C02-thickening 
compound. Although this may result in a marginal increase in the amount of C02  sequestered in 
an aquifer, the foremost advantage is that lost cost of C02 will lower the price of this copolymer. 
Polymerizations using these aluminum catalysts give yields in the range of 200 - 1200 g 
polymedg catalyst. The polymerizations are typically living in character, with molecular weight 
distributions less than 1.5 (typically 1.1) and absolute molecular weights governed by the ratio of 
monomer to initiator. 27Al NMR showed that these catalysts exhibit only one AI species, unlike 
typical aluminum catalysts used in CO$oxirane copolymerizations that exhibit “multi-site’’ 
behavior. The extent to which C02 is incorporated into the polymer is a function of temperature, 
pressure, and catalyst type. 

Phase results of mixtures of C02 and these new C02-philic functional groups will be presented. 
Solubility was determined using standard, non-sampling, visual cloud point determination via 
isothermal compressions and expansions of a mixture of specified overall composition. The 
same view cell used for the viscometry was employed for the solubility measurements. 
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RESULTS 

A comprehensive falling cylinder viscometry study was conducted with the 29 mol% styrene-71 
mol%fluoroacrylate copolymer. Figure 2 illustrates the effect of shear rate and polymer 
concentration on relative solution viscosity. The relative solution viscosity is the ratio of 
solution viscosity to the viscosity of neat C02 at the same temperature and pressure. The solution 
is shear-thinning at all concentrations. At 5 wt% in liquid C02, a 2501fold increase was 
observed at low shear rates. Even at concentrations as low as 0.2 wt%, a significant increase in 
the viscosity was detected at very high shear rates. The sequestration target area for desired 
viscosity increase and shear rate in the formation are also illustrated in this figure. It is apparent 
that this copolymer mat be able to induce a IO-fold increase in solution viscosity at the low shear 
rates associated with C02 sequestration. 

Copolymers of PO and C02 proved to be remarkably C02-philic; Figure 3 shows that a 250 
repeat unjt PO/CO2 copolymer with 15.4% carbonate units exhibits lower miscibility pressures 
[SI than a fluoroether @oly(hexafluoropropylene oxide) whose chain length is significantly 
lower (175 repeats). It should be noted that a PO homopolymer of 250 repeat units would exhibit 
miscibility pressures beyond the capacity of our instrument. Therefore this copolymer is 
composed of two readily available monomers, one of the monomers is C02, the copolymer 
exhibits greater CO2-solubility than PO, and the copolymer is more C02-soluble than fluoroether 
polymers of comparable length. 

DISCUSSION 

Although fluorinated copolymers are effective carbon dioxide thickening agents, their high cost 
will prohibit their implementation in large-scale geologic sequestration projects. Non-fluorous 
copolymefs have therefore been proposed as means of reducing the cost of the thickening agent. 
The first of three steps required for developing an effective thickener, the identification of a 
highly C02 soluble moiety, has been addressed. The PO/CO2 copolymer is one of several novel 
polymers that has demonstrated CO2-philicity greater than one of the previously established C02 
fluorinated ethers of a comparable number of repeat units. The next steps in the development of 
a thickening agent, increasing the MW of the copolymer and introducing C02-phobic associating 
hctionalities, have not been completed. 

CONCLUSIONS 

Fluoroacrylate-styrene copolymers remain the most effective carbon dioxide thickening agent yet 
identified. Extrapolations of high shear rate falling cylinder viscometry results demonstrated that 
2-20 increases in C02 viscosity may be realized at concentrations of 0.1 wt%. Process 
economics dictate that the maximum concentration of this fluorinated copolymer be only 0.001 
wt%. Despite the effectiveness of this thickening agent, it is not a viable candidate for increasing 
the capacity of geologic sequestration formations. Non-fluorous copolymers may be viable, 
however, because of their significantly lower cost. POIC02 copolymers, for example, exhibit 
solubility comparable to C02 fluorinated ethers of comparable repeat units. These non-fluorous 
copolymers must be modified, however, to make them effective thickeners. 
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Figure 1. Copolymer of CO2 and Propylene Oxide 
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Figure 2. Effect of Shear Rate and Copolymer Concentration on Solution Viscosity of 
Fluoroacrylate-Styrene Copolymer/CO~ Mixtures 
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WORPORATLNG co, SEQUESTRATION AND COALBED METHANE RECOVERY 
INTO HYDROGEN PRODUCTION FROM COAL - ECONOMICS AND ENVRONMENTAL 

ASPECTS 

Title Description 
referencecase 
CO, sequestration only 
maximum H, production 

coal gasification, shift, & H, purification 
reference case with CO, sequestration only added 
H, production via the syngas, CO, sequestration, & 

4 
I I  

HJpower coproduction H, production via the syngas, CO, sequestration, & power 
production via the coalbed methane 

I additional H, production via steam methane reforming of I the coalhed methane 

SYSTEM DESCRIPTION 

Because Wyodak coal is inexpensive to produce and is available in an abundant supply, it was 
selected as a suitable low-rank Western coal for this study. The coal is assumed to be mined from 
the Wyoming region, gasified to produce hydrogen, then the C0,-rich off gas is injected into 
unmineable coal beds. Coal gasification is via the Destec gasifier which is a two-stage entrained, 
upflow gasifier that operates at an exit temperature of 1,038"C (1,900"F) and a pressure of 2,841 
!&'a (412 psia). The feed is a codwater slurry and for hydrogen production, the gasifier is oxygen 
blown in order to minimize the amount of nitrogen in the syngas. 

The synthesis gas leaving the gasifier contains entrained particles of char and ash. Particulate 
removal is performed through cyclone separators and ceramic candle type hot gas filters. The coal 
gas is primarily comprised of H,, CO, CO,, and H,O and, since there is less than 0.1 mol% CH,, 
reforming of the syngas is not necessary. However, in order to maximize hydrogen production, shift 
reactors are needed to convert the carbon monoxide to hydrogen. Because the syngas from the 
gasifier contains approximately 1,400 ppm of 11,S. the majority of the sulfur must be removed prior 
to shift conversion. Hot gas clean up (HGCU) followed by a ZnO bed is the most economical sulfur 
removal choice because it avoids cooling and reheating the syngas stream, in addition to avoiding 
condensing out the majority of the steam that is required for shift conversion. The transport 
desulfurizer technology from the Pifion Pine Project located near Reno, Nevada was used in the 
HGCU process step. This technology has an absorbedregenerator system where sulfur compounds 
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are absorbed on a zinc oxide based sorbent. When the sorbent is regenerated, SO, is captured and 
converted to sulfuric acid. Because the gasifier operates at a high temperature, a steam cycle was 
incorporated into the process design. Stepwise cooling of the synthesis gas produced steam that was 
used to generate electricity or to fulfill the plant steam requirements. Finally, hydrogen purification 
is done using a pressure swing adsorption unit. 

The analysis assumes that two molecules of CO, were injected for every one molecule of CH, 
released from the coalbed (Gunter et nl, 1996 and Hendriks, 1994). The off gas from the hydrogen 
purification unit containing primarily CO, (68 mol%; 93 wt%) was compressed from 2.6 MPa (372 
psi) to a pressure of 8 MPa (1.160 psi). The analysis also assumed that new wells needed to be 
drilled and that they were connected by a CO, distribution system. 

SCHEMES EXAMINED 

In order to compare the economics as well as the overall CO, emissions from each schematic studied 
in this joint venture, areference case was analyzed which included only the process steps associated 
with coal gasification, shift, and hydrogen purification (Le., none of the steps associated with CO, 
sequestration or coalbed methane recovery were included in the reference case). Three other process 
schemes were examined in this study and compared to the reference case. Figure 1 depicts the 
reference case as well as the other three schemes (Note: The overall heat integration for each option 
is not shown.). The top portion of the figure shows the process steps that are the same for each 
schematic up to hydrogen purification while the operations inside the dashed boxes represent the 
steps that differ among the four options. 

Scheme one represents the reference case (case 1). The PSA off gas is typically used to fuel the 
reformer in steam methane reforming plants but, due to the composition of the gasifier syngas, this 
scenario did not require a reformer. Therefore, the PSA off gas would be combusted, the heat would 
be used by another source (Le., in producing steam), and the flue gas emitted to the atmosphere. The 
second scheme is the reference case with CO, sequestration only added to it and thus coalbed 
methane is not recovered (case 2). Scheme number three is maximum hydrogen production (case 
3). The off gas is injected into the coal seam and a portion of the recovered methane is reformed to 
produce synthesis gas. This gas is then shifted and purified to produce more hydrogen. Part of the 
recovered coalbed methane is used to fuel the reformer. The fourth scheme is to produce hydrogen 
from the synthesis gas, to inject the C0,-rich off gas into the coalbed, and to produce power from 
the recovered methane (case 4). For this scenario, power is produced using a natural gas turbine and 
steam cycle. 
Figure 1: Systems Analyzed 

These prDCBlSlng Steps are the same 10, each rchemalic studied. 
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HZ = hydrogen produced ( 

AH, = enthalpy difference between incoming water and steam produced which is sold (GJ) 
ecrp = exported electricity (GJ equivalents) 
off = off gas produced (kg) - reference case only 
HHV,, = higher heating value of off gas (GJ/kg) - reference case only 
Coal, = coal feed rate (kg) 
HHV,, =higher heating value of the coal (GJkg) 
CH, = methane feed rate (kg) 

‘This is the energy ratio with an off gas energy credit. 
?his wohd be the energy ratio if there were no off gas energy credit. 

RESULTS - CO, BALANCE 

To adequately determine the overall effect of CO, for each option studied, the CO, balance must 
incorporate CO, emissions in addition to those emitted from the process itself. For example, each 
case produces electricity, except for the maximum hydrogen production case (case 3). and for these 
cases (cases 1.2, and 4) a CO, emissions credit must be taken for displacing electricity from the grid. 
Because the maximum hydrogen production case (case 3) requires some grid electricity, the system 
must be debited (rather than credited) with CO, emissions equivalent to the plant’s net electricity 
requirement. Additionally, for the two options that recover coalbed methane (case 3 and 4). each 
of those systems must be credited with CO, emissions that are avoided from natural gas production 
and distribution via today’s normal routes of gas and oil wells. Table 3 summarizes the CO, 
emissions for each of the cases examined. 

Refer en c e 195,707 -10,037 

-3,667 

Maximum H, 65,985 -12,694 2,619 43,070 

H,/power coproduction - 109,065 -200,575 -9,760 N/A 101,270 
Process CO, defined as: 
Reference = flue gas resulting from combusting C0,-rich PSA off gas 
CO, sequestration only = none 
Maximum H, = CO, in the reformer flue gas i H,/power coproduction = CO, in the natural gas combined cycle stack gas 

For the reference case (case I), the CO, emissions are primarily a result of the hydrogen production 
process. The overall CO, emissions for the CO, sequestration only case (case 2) are actually slightly 
negative instead of zero because of the CO, credit for the displaced grid electricity. The 
hydrogedpower coproduction case (case4) also results in a negative amount of CO, emissions. This 
is due to the large credit in CO, emissions from displacing a significant quantity of grid electricity. 
In this analysis, grid electricity was assumed to be the generation mix of the mid-continental United 
States, which according to the National Electric Reliability Council, is composed of 64.7% coal and 
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coal-fired power plants generate large quantities of CO,. There are still a large amount of process 
emissions from this system but these are overshadowed by the avoided CO, emissions. Even though 
the maximum hydrogen case (case 3) sequesters CO,, some CO, is generated when the off gas is 
burned in the reformer. Also, some electricity is required for this case which results in additional 
CO, emissions. However, overall it is not correct to compare the emissions on aper system or aper 
amount of hydrogen produced basis because many of these cases generate power (refer to Table 2) 
and all of the cases produced energy in the form of steam. Additionally, for two of the cases (case 
3 and 4). the additional hydrogen or power is produced from coalbed methane and the energy content 
of this feedstock must be taken into consideration. To correctly compare each system, they must be 
examined on an energy wide basis. If the CO, emissions were examined per the amount of hydrogen 
produced from each system then the results would be misleading. Therefore, the CO, emissions 
were divided by the energy ratio of the system and the results can be seen in Figure 2. For 
comparison, the CO, emissions were also plotted assuming that no CO, credits or debits were taken 
for grid electricity and natural gas production and distribution. It is evident that the only case that 
is greatly affected by this, and would most definitely be misrepresented, is the hydrogedpower 
coproduction case (case 4). Hydrogedpower coproduction (case 4) and CO, sequestration only (case 
2) are the only cases that result in a negative amount of CO, emissions. However, the maximum 
hydrogen production case (case 3) does emit significantly less CO, than the reference case (case I). 
Figure 2: CO, Emissions per Energy Ratio 43 90% Capacity Factor 

Case Plant gate Delivered cost of hydrogen ($/GJ) 
hydrogen selling 

I 

price ($/GJ) Bulk delivery Pipeline delivery 
(1,61Okm-liquid/rail) (1,610km-shared) 

Reference 17.98 26.76 22.65 I 

CO, sequestration only 18.72 27.50 23.39 

Maximum hydrogen 8.34 17.12 13.01 

HJpower coproduction 13.92 22.70 18.59 
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RESULTS - CARBON TAX 

By comparing the hydrogen selling price of the reference case (case 1) with that of the CO, 
sequestration only case (case 2). acarbon tax that would represent abreak-even point was calculated. 
The hydrogen selling price for the CO, sequestration only case (case 2) would be reduced to 
$17.98/GJ, the reference (case 1) with off gas credit case cost, if a carbon tax of $13.4/tonne Of 
carbon was mandated. Additionally, to examine the affect of a higher tax, a carbon tax of $50/tonne 
of carbon was applied to the analysis. Figure 3 shows the plant gate selling price (denoted by the 
checkered sections), the cost of hydrogen for the baseline pipeline delivery option, and how the two 
carbon tax values affect the delivered cost of hydrogen for each of the four cases examined in this 
study. A carbon tax has the greatest effect on the hydrogedpower coproduction case (case 4). A 
$50/tonne of carbon tax brings the delivered price of hydrogen below the plant gate selling price with 
the delivered cost being reduced from $18.6/GJ to $13.3/GJ. The delivered cost of hydrogen from 
the CO, sequestration only case (case 2) is reduced by $2.8/GJ while a carbon tax has a small effect 
of the maximum hydrogen case (case 3) with a reduction of about $I/GJ. 

Figure 3: Delivered Cost o f  Hydrogen (Pipeline -1,610 krn) with a Carbon Tax 

1 ObaSsiine 
-With $13.4/Ionne carbon credit 4 O w l I h  S50/1onna carbon Eredll  

CONCLUSIONS 

Four process schemes were evaluated in this coal gasification, hydrogen production study. The 
economics favor sequestering CO,, recovering coalbed methane, and making hydrogen or power 
(case 3 and 4). However, due to the CO, emissions generated from the steam methane reformer, 
additional hydrogen production via natural gas is not necessarily the most environmentally friendly 
option from a CO, standpoint (case 3). Coal fired power plants emit large quantities of CO,, 
therefore optimizing hydrogen production with electricity generation, as in case 4, is a means of 
lowering the CO, emissions from power generation in the U.S. Because of the high temperatures, 
coal gasification to hydrogen production does not require a steam methane reforming step, and 
adding CO, sequestration only (case 2). results in almost no CO, being emitted to the atmosphere 
for a minimal cost. Mandating a carbon tax would make sequestering the CO, economically viable. 
However, for all of the cases examined in the analysis it should be noted that there is much debate 
about the fate of the sequestered CO, and its long term environmental effects. 
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ABSTRACT 

For equivalent levels of electric power production, a deep man-made geothermal reservoir 
designed to supply the heat requirements for power generation would sequester, per unit time, 
about as much COz as that produced by a typical coal-fired power plant. The deep earth carbon 
sequestration would be accomplished by the gradual diffusion of CO2 into the unfractured rock 
mass surrounding the highly presswized geothermal reservoir. 

INTRODUCTION 

A new engineered geothermal energy concept using supercritical COz (SCCO2) to both create 
the man-made geothermal reservoir and for heat transport to the surface is here proposed. This 
concept builds on the extensive Hot Dry Rock (HDR) research and development effort conducted 
by Los Alamos National Laboratory (LANL) at Fenton Hill, NM. This previous field testing 
convincingly demonstrated the viability of the HDR heat-mining concept, based on the results 
obtained from the production testing of two separate confined reservoirs for almost a year each. 
However, using S C C Q  instead of water in a closed-loop HDR system offers three significant 
advantages over the original Los Alamos concept: 

The very significant wellbore density difference between the cold SCCO2 in the injection well 
(about 0.96 glcc) and the hot SCCO2 in the production wells (about 0.39 glcc) would provide a 
very large buoyant drive (Le., thermal siphoning), markedly reducing the circulating pumping 
power requirements over those of a comparable water-based HDR system. 

The inability of SCCO2 to dissolve and transport mineral species from the geothermal 
reservoir to the surface would eliminate scaling in the surface piping, heat exchangers, and other 
surface equipment. 

HDR reservoirs at temperatures in excess of 374°C (the critical temperature for water) could be 
developed without the problems associated with silica dissolution in water-based systems, 
potentially providing increased thermodynamic efficiency for the surface power-conversion 
equipment. 

Thermodynamic and systems analyses show that SCCO2, because of its unique properties, is 
nearly as good as water when used for heat mining from a confined HDR reservoir (see Brown, 
2000). Even though the mass heat capacity of SCCOz is only two-fifths that of water, for 
equivalent reservoir operating conditions, the ratio of fluid density to viscosity (a measure of the 
reservoir flow potential) is 1.5 times greater for SCCO2 than for water, primarily due to the 
viscosity of SCCO2 which is 40% that of water. Therefore, the rate of geothermal energy 
production using SCCOz would be about 60% that of water. However, on a net power 
production basis, when pumping power requirements are considered, the power production from 
an SCCOz-HDR system would almost equal that of a water-based HDR system. 

The commercial development of this new renewable energy concept, given the ubiquitous 
worldwide distribution of the HDR geothermal resource, could be a significant contributor to 
providing clean, renewable sources of energy for the 21st century. Further, this new geothermal 
energy concept would help in mitigating global warming since a supercritical-COz-baed HDR 
system would also sequester significant amounts of COz deep in the earth by fluid diffusion into 
the rock mass surrounding the reservoir. To put this statement in perspective: Such an HDR 
power plant, based on long-term reservoir pressurizatiodfluid-loss studies carried out by LANL 
at Fenton Hill, would have the capability of continuously sequestering, by fluid diffusion into the 
rock mass surrounding the HDR reservoir, about as much COz as that produced by a typical coal- 
tired power plant, each on a per MW-electric generation basis [24 tons of COz per day per 
MW(e)l. 
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THE HOT DRY ROCK CONCEPT AND RESOURCE BASE 

I 

HDR geothermal energy, which utilizes the natural heat contained in the earth's crust, can 
provide a widely available source of nonpolluting energy. The earth's heat represents an almost 
unlimited source of indigenous energy that could begin to be exploited worldwide within the 
next decade through the LANL-developed heat-mining concept. The feasibility of this concept 
has already been demonstrated by LANL through a sequence of field experiments at the Fenton 
Hill HDR test site extending over more than 20 years. 

AS depicted in Figure 1, hydraulic fracturing techniques developed by the oil industry would be 
used to create a very large stimulated volume of hot crystalline rock containing significant 
artificial permeability. This permeability would be created by pressure dilating the multiply 
interconnected array of preexisting -- but hydrothermally resealed -- natural joints and fractures 
contained in a previously almost completely impermeable rock mass. This hydraulically 
stimulated region (the HDR reservoir) would then be connected to the surface through a pair of 
producrion wells, forming a closed-loop circulating system to transport the geothermal heat to 
the surface to be used in heating a secondary working fluid in a Rankine power cycle, or 
alternatively, to be used nearby for direct heating applications. In effect, we would be mining 
heat in a fashion analogous to the way other earth resources are obtained, but without any 
attendant pollution since the only thing that would be produced in this closed-loop process would 
be heat. 

Numerous estimates place the accessible HDR resource base somewhere between 10 and 13 
million quads in the US, and over 100 million quads worldwide (Tester et al., 1989). Figure 2 
provides estimates of the geothermal temperature gradient distribution across the US and clearly 
shows that the moderate-grade (30" to 4 5 O C h )  HDR resource is well distributed. Kron and 
Heiken (1980) estimate the high-grade US HDR resource base, with gradients greater than 
4 5 O C h .  to be in excess of 650,000 quads. Thus, on almost any basis, the amount of potentially 
usable thermal energy in the HDR resource is vast -- literally orders of magnitude larger than the 
sum total,of all fossil and fissionable resources (see Figure 3 for a resource comparison on a 
worldwide basis). Even if only a small fraction of the accessible HDR resource base is 
ultimately extracted, the impact on the US energy supply could be far-reaching. 

PRIOR RESEARCH 

During the p&oifrom 1974 through 1995, LANL was actively engaged in field-testing and 
demonstrating the Hot Dry Rock (HDR) geothermal energy concept at their Fenton Hill HDR 
test site in the Jemez Mountains of north-central New Mexico (Brown, 1995a). This testing 
ended with the very successful demonstration of sustained energy production from the deeper 
HDR reservoir during a series of flow tests referred to as the Long-Term Flow Test (LTFT), 
conducted from April 1992 through July 1995 (Brown, 1994 and 1995b). Although that program 
has now ended, a vast amount of information was obtained concerning the characteristics and 
performance of confined HDR reservoirs dujng this extended period of testing. For instance, a 
recent report (Brown, 1999) summarizes the data from the LTIT supporting the existence and 
long-term stability of a highly pressurized region of jointed rock at a depth of 3.6 km, which is 
quite germane to studying the deep sequestration of carbon dioxide in basement rock associated 
with an HDR geothermal power-production system. 

THE SCC02-HDR CONCEPT 

In this new concept for engineered geothermal reservoirs, which embodies much of the original 
HDR concept developed and demonstrated by .LANL, SCCO2 would be used for both the 
fracturing fluid and the heat transport fluid for deep-earth heat-mining systems. As envisioned, a 
three-well HDR system -- two production wells and one injection well -- would be employed to 
best access the fractured reservoir region (Brown and DuTeaux, 1997). As shown schematically 
in Figure 1, the heat contained in the hot geofluid would be transferred to a secondary working 
fluid in a high-pressure heat exchanger included as part of the surface power plant. 

A major contributing factor to the enhanced performance of an SCC02-HDR system is the very 
significant buoyant drive across the reservoir, arising from the marked density contrast between 
the hot fluid rising in the production wells and the cold, much more dense fluid in the injection 
well. For example, for an appropriate set of SCCO2 surface operating conditions for the HDR 
reservoir depicted in Figure 1 -- a mean injection pressure of 30 MPa at 40°C and a surface 
production backpressure of 30 MPa at 250°C. the mean fluid density in the injection wellbore 
would be 0.96 g/cc and the corresponding mean fluid density in the production wellbores would 
be 0.39 dcc,  providing a density difference of about 0.57 g/cc. At a reservoir depth of 4 km, this 
augmented buoyant drive provided by using SCCO2 instead of water as the geofluid would add 
an additional 22 MPa (3200 psi) to the pressure differential driving fluid across the reservoir. For 
the case of laminar flow which is the accepted flow regime in HDR reservoirs, this would more 
than double the production flow rate compared to a water-based HDR system with the same 
reservoir flow impedance and injection pressure, potentially providing a thermal power potential 
exceeding that of an equivalent water-based HDR system. 
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RESERVOIR CREATION 

The engineered HDR reservoir region, probably approaching an ultimate volume of 112 cubic 
kilometer or more, would be created by hydraulically fracturing a deep region of essentially 
impermeable, hot, crystalline rock using SCCOz instead of water as the fracturing fluid. This 
would be accomplished by pumping SCCOz from the surface down a high- pressure tubing 
string, and injecting this fluid into a packed-off (i.e,, pressure-isolated) interval of openhole 
wellbore for a period of several weeks or more, at a rate in the range of 20 to 40 kus.  

Initially, as the pressure in the packed-off interval rapidly increases, one or more of the more 
favorably oriented natural joints intersecting the wellbore would start to open under a 
combination of tensile (hoop) stresses at the wellbore surface and normal opening stresses from 
fluid invasion into the somewhat more permeable (than the adjacent sock) hydrothermally sealed 
natural joints. As pumping continues, these joints would progressively open and interconnect, 
forming a multiply connected region of pressure-dilated joints in the rock mass surrounding the 
packed-off wellbore interval, thus creating the fractured HDR reservoir. 

Based on over 20 years of reservoir testing at Fepton Hill, NM, this opening of an m a y  of 
natural joints is in stark contrast with the originally envisioned formation of one or more large, 
near-vertical, penny-shaped fractures created by hydraulic fracturing (Brown, 1995a). Based on 
the Laboratory’s extensive experience with hydraulic fracturing of deep basement rock using 
water, there appears to be no limitation to using SCCO2 for similar operations. It should be 
noted that hydraulic fracturing of sedimentary formations using SCCOz, as reported by Yost et 
a]. (1994), is now routinely done to increase the productivity of petroleum reservoirs where 
special reservoir conditions warrant this type of stimulation to minimize formation damage from 
water-based fracturing fluids. 

POST-HYDRAULIC-FRACTURING FLUID COMPOSITION IN THE RESERVOIR REGION 

From laboratory measurements on core samples of Precambrian crystalline rock obtained from 
depths between 1.2 and 2.8 km at Fenton Hill, a mean in-situ rock mass porosity of 0.9~10-4 has 
been determined (Simmons and Cooper, 1977). In contrast, following reservoir creation by 
hydraulic fracturing and the accompanying dilation of the ressure-stimulated array of joints, the 

accessible volume of 20 million m3 (Brown et al., 1999)l. Therefore, using an analogy to the 
deeper Fenton Hill HDR reservoir, the fracture volume occupied by the SCCO2 would be about 
13 times greater then the initial microcrack pore volume in the rock mass. For this situation, the 
SCCO;! would tend lo dissolve almost all of the original pore fluid (essentially a brine), with the 
mineral constituents previously dissolved in the pore fluid being left behind as mineral 
precipitates. Figure 4 shows the solubility, at 250°C. of water in SCCOz and SCCOz in water as 
a function of pressure. For an HDR reservoir with a rock temperature of 260°C at a depth of 4 
km, and with a surface injection pressure of 30 MPa, one would anticipate about a 24 mol% 
solubility of water in SCCO2. This solubility is equivalent to a 10% solubility by weight, which 
would imply that all the previously existing pore fluid within the microcrack pore structure of the 
rock would end up being dissolved by the SCCO2 diffusing into the rock mass. 

mean reservoir porosity was about 1.2~10-3 r24.700 m 5 of water injected into a pressure- 

COz SEQUESTRATION IN THE ROCK MASS SURROUNDING THE HDR RESERVOIR 

Again, from experience gained from extensive field testing of the deeper HDR reservoir at 
Fenton Hill, the fluid loss from a 112 cubic kilometer pressure-stimulated reservoir volume, at a 
mean reservoir injection pressure of 30 MPa (4350 psi) above hydrostatic, is predicted to be 
about 3 kg/s for a IO-MW(e) power system, which is equivalent to 100,OOO tons per year. 
Although not a very large number in absolute terms, over the predicted 20-year lifetime of a 
suitably engineered HDR reservoir, this diffusional loss of SCCO:! into the rock mass 
immediately adjacent to the HDR reservoir would be very significant -- about 2 million tons of 
C 0 2  sequestered deep in the earth for each IO-MW(e) HDR power plant. This is in addition to 
the 48,000 ton inventory of SCCO:! circulating through the reservoir and the surface power plant 
for such a 10-MW(e) HDR power system, 

This leads to an ancillary benefit at the periphery of the HDR fractured region, where the SCCO2 r, 
would be slowly diffusing outward to the far field from the pressurized reservoir. In the 
surrounding rock mass, the pre-existing water-filled network of interconnected microcracks 
would be slowly flushed with SCCO2, leaving behind mineral precipitates which would tend to 
slowly plug off the microcrack porosity and seal the reservoir boundaries over time -- which, 
from the normal point of view, are almost impermeable already (with a permeability in the range 
of several hundredths of a microdarcy). 

< 

SUMMARY AND CONCLUSIONS 

In a confined reservoir, which is one of the unique characteristics of a true man-made HDR 
reservoir, as contrasted with a natural hydrothermal geothermal reservoir, the chemistry and/or 
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nature Of the circulating fluid can be specified by the operator (Brown et al., 1999). For this 
reason, the choice of scco2 as the working fluid is possible, and alters considerably the 
potential for designing unique features into such engineered geothermal systems. 

As an ancillary benefit from the standpoint of carbon sequestration, the slow diffusional loss of 
SCcOz from the pressurized HDR reservoir region outward into the surrounding unfractured -- 
and therefore confining -- rock would, over the long term, provide a considerable amount of 
carbon storage within the microcrack volume of this rock mass. 

In this preliminary study of the SCC02-HDR concept, it was not possible to consider all the 
ramifications or nuances of using a geofluid other than water as the heat transport fluid in an 
engineered heat-mining concept. However, the advantages of using SCCO2 in a power- 
producing man-made HDR geothermal system appear to be considerable. 
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Figure 1 : HDR-SCC02: A System Engineered for Geothermal Heat Mining Using 
Supercritical Con. 
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INTRODUCTION 
COz conversion and utilization are a critically important element in chemical research on austainable 
development. The prevailing thinking for CO, conversion and utilization begins with the use of pure CO?, 
which can be obtained by separation. In general, CO, can be separated, recovered and purified from 

concentrated CO, sources by two or more steps based on either absorption or adsorption or membrane 
separation. These separation and purification steps can produce pure CO, from flue gases of power plants 
but add considerable cost to the CO1 conversion or sequestration system [DOWOS-FE. 19991. Even the 
recovery of C02 from concentrated sources requires substantial energy input [Weimer et al.. 19961. 
According to US DOE, current CO, separation processes alone require significant amount of energy 
which reduces a power plant's net electricity output by as much as 20% [DOWFE, 1999al. While new 
technology developments could make this recovery easier to handle and more econoinical to operate in 
power plbnts, it is highly desirable to develop novel ways to use CO, in flue gases without separatiun. 

SOURCES OF CO, EMISSIONS 
A recent paper showed the data on CO, emissions from the consumption of fossil fuels during 1980-1997 
in the world based on government reports on statistics'[EIA/IEO, 1998, 19991. The three inajor fossil 
fuels used worldwide are coal, petroleum. and natuial gas. A very large amount of CO, is emitted eve!-y 
year. and the total amount of annual emissions is also increasing rapidly. The current top I O  inajor 
producers of CO, in terms of total annual emission include US, China, Russia, Japan, India. Germany. 
UK, Canada, South Korea, and Italy. CO, emissions from many other countries, particularly developing 
countries. are increasing rapidly. 

Table 1 CO, Emissions from Different Sectors in the US. (in Million Metric Tons of Carbon) 

CO, from Residential Sector 248.4 245.8 253.1 270.3 286.S 
CO, from Commercial Sector 178.3 189.7 206.8 217.9 237.2 
CO, from Industrial Sector 484.6 424.7 454.1 465 482.9 
CO1 from Transportation Sector 378.1 384.4 432.1 458.5 473.1 
CO, from End-Use Total 1289.4 1244.6 1346.1 1411.7 1479.6 
CO, from Electric Utilities* 418.4 439 476.9 495.3 523.4 
*Electric Utility emissions are distributed across end-use sectors. 
Sources: DOE, EIA, 1998, 1999 

CO, Emissions Sources 1980 1985 1990 1995 I997 

Table 1 summarizes the CO, emissions from different sectors in the U.S. [EINAER. 1998. 19991. A 
clear trend is that all the end-use sectors of energy are major contributors of COz, and electric power 
industry is no longer the only major CO, emitter. In other words, everyone in the society is responsible 
for the increased COZ production, either by using electricity in various places and by consuming fuels for 
transportation and for other purposes. Table 2 specifically indicates the CO, emissions from the U.S. 
electricity-generating units in electric utilities and non-utilities based on coal, natural gas ond petroleu~~~ 
[EINAER. 1998, 19991. Coal is the dominant fossil fuel for the electricity-generating units. On the otlirr 
hand, it  is projected that the share of natural gas-fired units will increase significantly in the nciir future. 
due to the heightened concerns for environmental issues and the fact that natural gas is  viewed iis a 
premium fuel and is environmentally cleaner than either coal or petroleum. 

*Contact: E-mail: csong@psu.edu; Fax: 8 14-865-3248 

112 



\ 

Table 2. CO, Emission from Electricity-Generating Units in the US. (in Million Metric Tons of Carbon) 
CO2 Emissions Sources I990 I995 1997 
Coal-Fired Units at Electric Utilities 409.9 434.3 471.3 

Gas-Fired Units i t  Electric Utilities 39.2 44.5 36.0 

Emissions at Electric Utilities, Total 475.5 492.7 523.4 
Coal-Fired Units at Nonutilities 17.8 24.6 25.3 
Petroleum-Fired Units at Nonutililies 4.3 1.3 7.4 
Gas-Fired Units at Nonutilities 39.2 57.6 53.2 
Other Units at Nonutilities 37.4 45.9 48.4 

Co2 from Coal-Fired Units, Total 427.7 458.9 496.6 j:: 
CO, from Petroleum-Fired Units. Total 29.6 20.3 22.4 
co1 from Gas-Fired Units, Total 78.4 102.1 89.3 

Total CO, Emissions from Generators 574.2 628. I 657.7 
Sources: DOE, EIA. 1998, 1999 

Petroleum-Fired Units at Electric Utilities 25.3 13.0 15.0 

Other Units at Electric Utilities I .2 0.8 I .o 

Emissions at Nonutilities, Total 98.7 135.5 134.4 

Co1 from Other Units, Total 38.5 46.8 49.4 

ADVANTAGES OF USING FLUE GAS FOR C o t  CONVERSION 
As can be seen from Table 2, flue gases from fossil fuel-based electricity-generating units represent the 
major concentrated CO, sources in the US. If CO, is to be separated, as much as 100 megawatts of a 
typical 5Wmegawatt coal-fired power plant would be necessary for today's CO, capture proceaaea based 
on the alkanolamines [DOWFE, 1999al. Therefore, it  would be highly desirable if the flue gas Inixtur?:. 
can be used for CO, conversion but without pre-separation of CO,. Based on our research. there appears 
lo be a unique advantage of directly using flue gases, rather than pre-separated and purified CO, ftom flue 

gases, for the proposed tri-reforming process. 

Typical flue gases from natural gas-fired power plants may contain 8.10% CO,, 18-206 H1O. 2-3% O?. 
and 67-72% N,; typical flue gases from coal-fired boilers may contain 12-14 vol% CO,. 8-10 vol% H,O. 
3-5 vol % 0 2  and 72-77% N, [Miller and Pisupati, 19991. The typical furnace outlet teinpernturt. of flue 

gases is usually around 1200°C which will decreases gradually along the pathway of heat transfer. while 
the temperature of the flue gases going to stack is around 150'C [Miller and Pisupati. 19991. Current 
toxic emission control technologies can remove the SOX. NOx and particulate matter effectively. but CO: 
and H,O as well as 0, remain largely unchanged. 

In the proposed tri-reforming process, CO, in the flue gas does not need to be separated. In fact. H,O and 
0, along with CO, in the waste flue gas from fossil-fuel-based power plants will be utilized for tri- 
reforming of natural gas for the production of synthesis gas. 

' 

PROPOSED TRI-REFORMING PROCESS 
The tri-reforming refers to simultaneous oxy-C0,-steam reforming of natural gas (eqs. 1-4). It is a 
synergetic combination of endothermic CO, reforming (eq. I) and steam reforming (eq. 2)  nnd 
exothermic partial oxidation of methane (eqs. 3 and 4). 

CH,+CO,= 2CO t 2 HZ [Endothermic: AH" = 247.3 Idlmol] ( 1 )  
CH, + H,O = CO+ 3 H, [Endothermic: AHo = 206.3 kllmol] (2) 
CH,+ In O2 = CO + 2 H, [Exothermic: AH' = - 35.6 klhnol] (3) 
CH, + 2 01 = CO,+ 2 H,O [Exothermic: AH' = - 880 kJlmol] (4) 

CH, = C +  2H1 [Endothermic: AHo = 74.9 W/mol] ( 5 )  
2 co= c + co, [Exothermic: AHo = ~ 172.2 kJ/mol] (6) 
c + co,= 2 co [Endothermic: AH" = 172.2 kllmol] (7) 

c + o,= CO, [Exothennic: AH" = -393.7 kJlmol] (9) 
C + H,O = CO + HI [Endothermic: AH" = 131.4 kllmol] (8) 
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The tri-reforming (Figure I )  is an innovative approach to CO, conversion using flue gases for syngas 
production. Coupling C02 reforming and steam reforming can give syngar with desired H&O rdtios for 
methanol (MeOH) and Fischer-Tropsch (F-T) synthesis. Steam reforming is widely used i n  industry for 
making H, and syngas [Rostrup-Nielson, 1993; Armor, 1999; Gunardson and Abrardo. 19991. When CO- 
rich syngas for oxo synthesis and syngas with H2/C0 ratio of 2 are needed for F-T synthesis and inetlianol 
synthesis, steam reforming alone can not give the desired HJCO ratio [Gunardson, 19981. Steam 
reforming gives too high a HdCO ratio (23) and thus need to import CO, for making synges with H,/CO 
ratios of 2 or lower 

. 

CO, reforming (dry reforming) of CH, has attracted considerable attention worldwide [Ashcroft et 81.. 

1991; Rostrup-Nielson et al., 19931, and the research up to 1998 has been reviewed [Bnidford and 
Vannice, 19981. A simple estimate of energetics indicates that CO, reforming is 2090 more endothermic 
than steam reforming (eq. 2 vs eq. I). and so it does cost more energy. However. it can be done and is 
indeed necessary for adjusting H2/C0 ratio for making MeOH or F-T synthesis gas. There are two 
industrial processes that utilizes this reaction, including SPARG [O’Connor and Ross, 1998: Cunardson. 
19981 and Calcar [Teuner, 1987; Kurz and Teuner, 19901. CO, reforming ofmethane suffers fiom a 

major problem of carbon formation (eqs. 5 and 6).  particularly at elevated pressures [Song et al., 2000: 
Sinivasa et al.. 2000). When C o t  reforming is couplcd lo steam reforming, this problem can be 
effectively mitigated. This carbon formation in C02 reforming can be reduced by the addition of oxygeti. 

Direct partial oxidation of CH, to produce syngas [Dissanayake et al., 1991; Hickman et al.. 1993) and 
partial combustion of CH, for energy-efficient autothermal syngas production [Pena et al.. 19961 are 
being explored. These reactions are important but the catalytic partial oxidation is more difficult to 
control. The major operating problems in catalytic partial oxidation are the over-heating or hot spot due to 
exother+ nature of the oxidation reactions. and consequently coupling the exothermic reaction with an 
endothermic reaction could solve this problem [Ruckenstein and Hu, 19981. 

The combination of dry reforming with steam reforming can accomplish two important missions: to 
produce syngas with desired H,ICO ratios and to mitigate the carbon formation problem that is significant 
for dry reforming. Integrating steam reforming and partial oxidation with CO? reforming could 
dramatically minimize or eliminate carbon formation on reforming catalyst thus increase catalyst life ;Ind 
process efficiency. Therefore, the proposed tri-reforming can solve two important problems that are 
encountered in individual processing. The incorporation of 0, in the reaction generates heat i n  \ i t u  that 
can be used to increase energy efficiency and 01 also reduces or eliminates the carbon formation 011 the 
reforming catalyst. The tri-reforming can thus be achieved with natural gas and flue g a m  uhing tllr 
’waste heat’ in the power plant and the heat generated in situ from oxidation with the O1 tllilt is already 
present in flue gas. 

~ Tri-Reforming , 

coz + cn4 = 2 co + 2 HZ 

wo + c n 4  = co + 3 n2 
0.5 0 2  + cn4 = co + 2 HZ 

2 oz + cw = coz + 2 mo 

Fuel Synthesis 
Syngas 

Chemical Synthesis [CO + Hzl 

E-Prod + Unreacted Gas 

Figure 1. Conceptual design of proposed tri-reforming process in the recently proposed CO,-bnsud tri- 
generation system (Version 2 in May 20M)). 
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AS illustrated in Figure I ,  (he tri-reforming is the key step in the recently proposed COdased  Iri- 
generation of fuels, chemicals, and electricity [Song, 1999, 20001. In principle, once the syngas with 
desired H2/C0 ratio is produced from tri-reforming, the syngas can be used to produce liquid fuels by 
established routes such as Fischer-Tropsch synthesis, and to manufacture industrial chemicals by 
methanol and oxo synthesis. Syngas can also be used for generating electric,ity either by IGCC type 
generators or by using fuel cells. 

The proposed tri-reforming concept is consistent, in general, with the goals of Vision 21 EnergyPlex 
concept [DOWFETC. 1999b. 1999~1 being developed by the U.S. DOE. The goals of Vision ?I 
EnergyPlex (plants) include greater efficiency of power generation (>60% with coal. >75% with natural 
gas), greater overall thermal efficiency (85-90%). near zero-emissions of traditional pollutants. reduction 
Of greenhouse gas (40-50% reduction in CO, emission), and coproduction of fuels [DOWFE. 1999bl. 

The challenges and feasibility issues and related literature information have been discussed recently 
[Song, 1999. 20001. Current flue gases contain inert N, gas in high concentrations. and thus the 
conversion process design requires the considerations on how to dispose inert gas. It is possible that 
oxygen-enriched air or oxygen will be used in power plants in the future. If that becomes a reality, then 
the proposed tri-reforming process will be even more attractive because of much lower inert gas 
concentration and thus higher system efficiency. Another challenge is how to den1 with the sin:iII 

amounts of NOx, SOX and other toxic substances that are present in most flue gases. 

IS TRI-REFORMING FEASIBLE? 
We have not found any previous publications or reports on reforming using flue gases or CO?conversioii 
using flue gases related to the proposed concept [Song, 1999, 20001. Our computationnl therinodynninic 
analysis shows there are benefits of incorporating steam (H20) and oxygen (0,) simultaneous i n  CO, 
reforming of natural gas or CH, [Pan et a!., 1999; Pan and Song, ZOOO]. On the other hand. some recent 
laboratory studies with pure gases have shown that the addition of oxygen to CO, reforming [Vernon et 
ai., 1992; Choudhary et al.. 1995; OConnor and Ross, 1998; Ruckenstein and Hu. 19981 or the addition 
of oxygen lo steam reforming of CHI [Choudhary et al.. 19981 can have some beneficial effects i n  terms 
of improved energy efficiency or synergetic effects in processing and in mitigation of coking. A 
feasibility analysis by calculation showed that utilizing CO,/HzO/OJCHI for making synthesis gas is 
feasible [Tjatjopoulos and Vasalos, 19981. Inui and coworkers have studied energy-efficient H: 
production by using mixture of pure gases including C&, CO,, H20 and O2 [ h i  et al.. 1995). Choudhary 
and coworkers have reported on their laboratory experimental study on simultaneous'steain and CO? 
reforming of methane over Ni/MgO-SA in the presence of O2 at atmospheric pressure; they I I ~ V K  shown 
that i t  is possible to convert methane into syngas with high conversion and high selectivity for both CO 
and HI [Choudhary et al., 19981. Ross and coworkers have shown that a Pt/ZrO, catalyst is active for 
steam and C02 reforming combined with partial oxidation of methane [Hegarty et 81.. 19981. Therefore. 
the proposed tri-reforming of flue gas from power plants appears to be feasible and safe. although its 
demonstration requires detailed experimental studies, computational analysis as well as engineering 
evaluations. 

CONCLUDING REMARKS 
A new process concept. tri-reforming. is proposed for effective conversion and utilization of CO, i n  the 
waste flue gases from fossil fuel-based power plants in the 21st century. The CO,. H 2 0  and O! in the t h e  
gas need not be pre-separated because they will be used as co-reactants for the tri-reforming of natural 
gas. In the tri-reforming (simultaneous oxy-C0,-steam reforming) process, the flue gas and natural gas 
are used as chemical feedstock for production of synthesis gas (CO+H,) with desired HfCO mim. 

The proposed tri-reforming is a synergetic combination of CO, reforming, steam reforming. and partial 
oxidation of natural gas. The tri-reforming process solves some of the major problems in CO, reforming. 
i n  steam reforming, and in partial oxidation. It also makes use of the 'waste heat' in the power plant and 
heat generated in situ from oxidation with the 0, that is already present in flue gas. This tri-reforming 
process could be applied, in principle, for natural gas-based or coal-based power plants and IGCC power 
plants. 

Another important feature of the proposed tri-reforming is that this is the first innovative approach to 
conversion and utilization of C 0 2  i n  flue gases from power plants without CO? separation. Many 



questions remain to be answered, and further research is needed in order to establish and demonstrate this 
new process concept. 
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THE POTENTIAL ROLE 

OF GEOLOGIC STORAGE AND CARBON DIOXIDE 

IN A SUSTAINABLE FOSSIL FUELS FUTURE 

David J. Beecy, U S .  Department of Energy 

Frank M. Ferrell, U.S. Department of Energy 

James K. Carey, Energetics, Incorporated 

ABSTRACT 

Various geologic settings are beginning to be examined as possible sinks for storage of CO,. These 
include depleting and depleted oil and gas reservoirs, deep unmineable coal seams, and deep saline 
or brine formations. It is well known that there are many methanogens in nature which convert CO, 
to CH,. Some of these are extremeophiles, existing at high temperatures and pressures. At least one 
has been the subject of genome mapping. It is also known that “directed development” is a 
methodology that is being utilized to develop “designer microbes” with selected or enhanced traits. 
The concept described here is that through a coordinated biological, chemical, and geophysical 
effort, either designer microbes or biomimetic systems can be developed to produce closed-loop 
fossil fuel systems. In such systems, geologic repositories of CO, could be converted to CH,, thereby 
closing the fuel cycle in a sustainable manner. 

Keywords: carbon sequestration, global climate change, methanogenesis 

INTRO WCTION 

This paper is an early output from an ongoing investigation of the state-of-the-art related to the 
concept of geologic storage of CO, with subsequent conversion to methane. In most of the areas 
reviewed, the research has been performed for reasons other than that which is the focus of this 
paper-carbon management in response to global climate change. For example, hydrocarbon seeps 
have been studied to develop better oil exploration techniques, thermal vents have been studied to 
better understand their environmental impacts, and hydrocarbon emissions from natural sources have 
been studied for knowledge about global climate change. 

We believe that there is a need and opportunity to bring together researchers and knowledge from 
diverse fields to identify and conduct focused scientific and technologic research to determine the 
potential of options discussed in this paper along with other novel concepts that may emerge. 

Due to growing concern about the effects of increasing carbon dioxide in the atmosphere, the United 
States and 160 other countries ratified the Rio Mandate, which calls for “ . . . stabilization of 
greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous 
anthropogenic interference with the climate system.” While the level of greenhouse gases that 
represents “stabilization” is open to debate, a range of 350-750 parts per million (ppm) is widely 
discussed. As shown in the various scenarios in Figure 1, all of these scenarios are significantly 
lower than a “business as usual” scenario (1S92A). When one considers the anticipated growth in 
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the global population and 
the global economy over the 
next 50-100 years, even 
modest stabilization will 
require enormous amounts 
of fossil energy with very 
low greenhouse gas 
emissions. Many energy 
producers  a re  now 
recognizing the major role 
that carbon sequestration 
must play if we are to 
continue to enjoy the 
economic and energy 
security benefits which 
fossil fuels bring to the 
world’s energy mix. 
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Figure 1. Scenarios for the Stabilization of 
Global Carbon 
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Under virtually any stabilization and market scenario, fossil fuels will remain the mainstay of energy 
production for the foreseeable future. To achieve any level of atmospheric stabilization that is 
ultimately deemed acceptable, there are three basic approaches: 1) reduce the carbon content offuels, 
2) improve the efficiency of energy use, and 3) capture and sequester the carbon. The approach of 
sequestration is comparatively new, and is now discussed as both a technology and policy option to 
mitigate global climate change (I). In the United States, sequestration has joined the first two 
approaches within the Department of Energy (DOE) as a valuable option, with funding of 
sequestration R&D activities (2). A report prepared jointly by the U.S. DOE Office of Science and 
the DOE Office of Fossil Energy (DOERE) identified five pathways to sequestration (3). 

Capture and sequestration 
Sequestration in geologic formations 
Ocean sequestration 

Within the DOEiFE, the Carbon Sequestration Program has further delineated these research 
pathways and the current R&D activity within the pathways (4). Figure 2 shows the program’s 
research areas. Together 

Sequestration in terrestrial ecosystems (soils and vegetation) 
Chemical, biological and other advanced concepts for CO, fixation or reuse. 

they cover the -carbon 
sequestration life cycle of 
capture ,  separa t ion ,  
transport, and storage or 
reuse. A recent report by 
DOE/FE outlines the 
national needs, benefits, 
strategy, plans, and 
milestonis for the program 
(5). Within this context is 
an emphasis on enhancing 
natural CO, sequestration 
processes, including 
enhancement of storage in 
v a r i o u s  g e o l o g i c  
formations, in soils and 
biomass, and through 
enhanced mineralization. Figure 2. Carbon Sequestration Pathways 

DISCUSSION 

Natural CO, reservoirs are relatively common. They are in fact commercially exploited for CO, 
production for commodity use. In addition to these comparatively pure CO, reservoirs, CO, is found 
in many other formations. Reservoirs of various kinds exist throughout the world containing 
mixtures of CO,, methane, and various other fluids. Many of these geologic settings are being 
examined as possible sinks for storage of CO,. These include depleting and depleted oil and gas 
reservoirs, deep unmineable coal seams, and deep saline or brine formations. In one current 
commercial project CO, is being sequestered under the North Sea (1). The Norwegian oil company 
Statoil is recovering CO, from natural gas processing, and injecting approximately one million tons 
per year of CO, into a sandstone layer. This is a saline formation under the sea associated with the 
Sleipner West Heimdel gas reservoir. The amount being sequestered is equivalent to the output of 
a 250-MW gas-fired power plant. 

Methanogenesis is a biological process which is widely found in nature. Methanogenic bacteria 
generate methane by several pathways, principally the fermentation of acetate and the reduction of 
CO, (6)(7). Generally a consortium, or food chain of microbial organisms, operates together to 
effect a series of biochemical reactions in the production of methane in energy-yielding cellular 
processes. Methanogens are anaerobic bacteria ofthe family Archaea, and are found in such diverse 
environments as landfills, digestive systems of animals, in deep ocean vents, and in coal seams. 
Chemosynthetic communities are found in close association with cold hydrocarbon seeps, for 
example, and demonstrate complex relationships that include the mineralization of CO, as well as 
methanogenesis (8). In one location, sampling of hydrocarbon gases from ocean-floor cold 
hydrocarbon seeps in Monterey Bay, California suggest that most of the methane produced is 
microbial in origin (9). In coal seams, methanogens may increase coalbed methane production. 
Laboratory study of microbially enhanced coalbed methane processes indicate that microbial 
consortia can increase gas production through conversion of coal and enhancement of formation 
permeability, leading to the potential for substantially increased methane production (10). 
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In general, methane in the earth’s crust may be formed by both biogenic (that is, the conversion of 
Organic matter) and abiogenic processes. The vast majority appears to be biogenic in origin, and 
results from a combination of microbial production and thermogenic processes (1 I). It is believed 
that 20% ofthe natural gas in the earth is from methanogens, of which 2/3 is by acetate fermentation 
and 1/3 by CO, reduction (7). While the portion generated by methanogen varies, there is strong 
evidence that it may be the predominant mechanism in some fields. For example, in the Terang- 
sirusan Field in the East Java Sea, methane is generated exclusively by methanogens usingthe C0,- 
reduction pathway (12). Furthermore, recent study of oil and gas fields in the Gulf of Mexico shed 
light on the rate of methane evolution. It appears that they may be significant recharge of reservoir 
methane in a timeframe (decades) that is significant to commercial uses (1 3). 

Developments in genetic decoding, gene sequencing, identification of novel enzymes, and selection 
of desirable traits have the potential to result in enhanced CO, to CH, conversion processes. The 
potential exists for both improved biological processes using engineered biological systems, or 
processes that mimic biologically-based catalysts and processes (biomimetics). For example, 
advances in the “directed development” of microorganisms offers the potential for enhancing 
biochemical processes and pathways of interest for commercial applications (14). 

In the area of biological or biomimetic advanced concepts, a number of potential CO, sequestration 
pathways have been discussed, including mineralization of CO, to carbonates. One such approach 
is the enzymatic catalysis of CO, to carbonic acid and thence to carbonate materials (15). A second 
major pathway is methanogenesis. Extremophile organisms have been isolated from deep-sea ocean 
vents where they live at high temperatures and pressures. One such organism, Methanococcus 
jannaschii, was first isolated at a hydrothermal vent in the Pacific Ocean, and is currently the subject 
of genome mapping under the U.S. DOE Microbial Genome Mapping Program (16). These 
extremophile characteristics may be compatible with conditions in oil- and gas-producing 
formatiolts. Alternatively, compatible characteristics could be obtained through directed 
development. 

The conceptual system proposed here would close the carbon-cycle loop for fossil energy by 
convertmg CO, produced by power plants into CH, for subsequent power production. It would 
consist of the following. 

The development ofan enhanced microbial consortium to produce CH, at a commercially-useful 
rate. 

The use of depleting or depleted oil or gas reservoirs, or saline reservoirs, as storage sites for 
captured CO,. CO, has historically been widely used in enhanced oil recovery operations. 

The use of the enhanced microbial consortium in a reservoir to convert the stored CO, to CH,. 

The reservoir would largely be left alone for a period of 10 years to several decades while the 
microbial consortium operated, with reservoir monitoring to assess gas composition. 

As CH, evolved over time, it would be produced through the existing field well and collection 
structure. 

Figure 3 depicts the general concept and the 
geologic setting. An alternative approach 
would be to perform the conversion above- 
ground in rapid-contactreactors. This would 
assume a biomimetic pathway with kinetics 
greatly enhanced over the reservoir 
approach. 

CONCLUSIONS 

The attainment of “closed-loop” fossil fuel I 
carbon cycles could provide the energy 
supply needed for economic security and 
environmental quality over the next century 
while renewable energy sources develop. 
Geologic storage of CO, with subsequent 
biological or biomimetic conversion to CH, 
would provide one such closed cycle. While 

Figure 3. Closed~Loop~Carbon~Cc,e 
Power Production 
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there appears to be a sound fundamental basis for this and related approaches, several areas of 
research are indicated. 

A better understanding of emerging sequestration processes in various geological settings is 
required. 

The kinetics of known microbial conversions appear to be relatively slow; increases of many 
orders of magnitude will be required for processes of commercial scale. 

Related factors, such as growth cofactors needed to sustain a healthy microbial population, the 
source of hydrogen for CO, conversion, and the mechanisms to remove waste products in a 
geological setting must be determined. 

While the approach would build on natural geophysical and biochemical processes combined 
with novel or enhanced enzyme and energy pathways, our present understanding of these 
processes is hgmented in this context. A systematic assessment of the linkages and 
relationships of the geologic, chemical, and biological components will be necessary. 

Public acceptance of the process as a safe, benign mechanism for commercial-scale applications 
must be assured. 

. 

If these barriers can be resolved, the concept would provide significant benefits. 

* The closed loop process would enable continued use of hydrocarbon fuels without requiring a 
totally decarbonized fuel product or total conversion of the energy infrastructure to a hydrogen- 
based economy. 

The Approach would expand geologic sequestration options to include essentially unlimited 
value-added production of a fuel form (beyond what could be achieved through C0,-enhanced 
oil recovery or C0,-enhanced recovery of coal-bed methane, where CO, enhances production 
only of the existing gas- or oil-in-place). 

The process would support sustainable, closed-loop energy production without the large surface- 
area requirements and impacts of biomass, wind, or photovoltaic systems. 

When combined with other pathways to permanent sequestration (e.g., mineralization), it would 
provide a more robust basis for a zero-carbon fossil energy infrastructure. 

The authors wish to interest researchers from various disciplines in beginning an'open and extended 
dialogue on the potential of novel concepts, such as one discussed here, in developing science and 
technology options to mitigate global climate change. The role of novel science and technology 
approaches will be critical to the development of effective mechanisms to stabilize greenhouse gas 
concentrations. 
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TEIE SEQUESTRATION OF CARBON DIOXIDE TO TEE DEEP OCEAN BY 
FERTILIZATION 

Michael hkkels, Jr.and Richard T. Barber 

KEYWORDS: COz sequestration/ Ocean fertilization/ Iron fertilization 

ABSTRACT 
The sequestration of carbon dioxide (CQ) to the deep ocean by the fertilization of high nument, 
low chlorophyll (HNLC) ocean waters can be an answer to the concerns arising from the 
increasing C& content of the atmosphere. This approach has the potential to sequester COz for 
1000 to 2000 years for a cost of about $2.OO/ton of CQ. A technology demonstration is planned 
to fertilize 5,000 square miles of the equatorial Pacific that is expected to sequester between 
600,000 and 2,000,000 tons of CO2 in a period of 20 days. The concept is that fertilization of 
HNLC waters with chelated iron will cause a bloom of phytoplankton that sink below the 
thermocline into deep water, Five recent ocean experiments have observed iron stimulation of 
phytoplankton growth, but the effects were difficult to quantify in these 9 to 28 square-mile 
experiments because eddy diffision along the edges of the patch diluted the bloom. This 
problem will be minimized in the planned technology demonstration because its large area 
reduces the impact of exchange at the edges. 

INTRODUCTION 
The CQ content of the atmosphere has increased from about 280 ppm to about 365 ppm during 
the I& 60 years'. During the 1980's the rate of increase of CQ in the atmosphere, in terms of 
carbon metric tons, was about 3.3 gigatons of carbon per year (GtUyr). Fossil fuel emissions 
were about 5.5 GtC/yr (20 Gt C O h ' )  and terrestrial emissions were about I .  1 GtC/yr during 
that period, so about 3.3 GtC/yr, Wh of fossil fuel emissions, were sequestered naturally. Of 
this, about 2.0 GtC/yr was absorbed by the oceans and 1.3 GtC/yr by the land.' The remaining 
40%, 2.2 b C  (8.1 GtCOl)/yr, contributed to the increasing atmospheric C Q  concentration. This 
increase in the CQ content of the atmosphere has led to concerns that this increase will result in 
global climate change, which, over time, can have adverse effects on weather, sea level and 
human survival. This concern has led to the 1992 Rio Treaty, the IPCC Working Group' and the 
Kyoto Protocol of 1997, which call for a reduction of emissions of 34% by 2050 and a reduction 
of 70% fiom the then-expected emissions by 21004. These reductions, if put into effect, would 
have serious adverse effects on the economy of the United states, causing loss of jobs, decrease 
in our standard of living and a reduction in the life span of our citizens. These requred 
reductions would not address the concerns that demand an approach to permit the reversal of 
atmospheric COZ increase, should this become necessary. 
THE CURRENT APPROACH 
The current approach to the problem of atmospheric CQ increase is to take specific actions now 
to reduce the risk of adverse consequences in the future. These actions are to increase the 
efficiency of energy production and use and to change our standard of living to reduce our 
dependence on energy in our lives. Energy efficiency CM often be increased, but we have been 
doing this for over 200 years, so there is not a lot of gain remaining before we run into 
thermodynamic barriers. Even at 100% efficiency we still add COz to the atmosphere, so this 
can never address peoples' concerns. We can also address the other side of the problem, which is 
to increase the rate at which CO, is removed from the atmosphere. If we could increase this 
enough we could bring the net increase in CQ emissions to zero, providing a solution to the 
problem of peoples' concerns. 
CQ is removed from the atmosphere by plants using the Sun's energy to convert it to biomass. 
This biomass may be used as food by bacteria, hngi and animals that obtain energy by reacting 
it with oxygen &om the air and respiring C G  back to the atmosphere. Over time, a portion of 
the biomass formed has been sequestered in the earth and in the ocean bottom, forming fossil 
fuels that we burn to obtain energy to support our standard of living. Numerous projects have 
been undertaken to increase tree growth in the tropics, which reduces the COZ content of the 
atmosphere. These projects wf& from a short lifetime, generally 20 to 50 years, and the 
difficully of assuring that forest tks, poaching, etc., will not result in an early recycling of the 
carbon to the atmosphere. Other C Q  sequestering technologies have been proposed, including 
injection of liquid COa into geological formations or into the deep ocean. These suffer !?om high 
Cost, sin& the flue gases have to be cooled, separated to make pure CQ, compressed to a liquid, 
transported to the site and then injected down a well or into the deep ocean. The projected cost is 
in the range of $300 per ton of carbon. 

* IOtC = 3.67 GI CO, 
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OCEAN FERTILIZATION 
?Other approach is to sequester C02 to the deep ocean by causing a bloom of plant life that then 
sinks to the deep waters where it remains for about 1600 years. This process is possible because 
large areas of the oceans have excess, unused plant nutrients and much less than expected 
phytoplankton biomass, the so-called HNLC waters. The difference is that the HNLC waters are 
deficient in one or more of the micronutrients required for plants to grow. While several 
essential metals may be involved in the limitation of growth in HNLC areas, iron has been 
shown to be the major micronutrient. Generally, 1 ~ , o o O  moles of carbon biomass require 
16,000 moles of fixed nitrogen, 1,000 moles of soluble phosphorous and one mole of available 
iron. The main difficulty is the iron, Since surface ocean waters we highly oxygenated, any 
soluble iron is soon converted to Few and precipitates as Fe(O%. A shovel full of earth is 
about 5 6% iron on the average. The ocean, on the other hand, has 0.0000000001 OT less moles 
per liter of iron. The first problem, then, is how to add iron to the ocean so that it will be 
available to the phytoplankton (plants). The phytoplankton themselves exude organic chelating 
compounds into the ocean that protect the iron that is there fiom precipitation. Adding iron in 
the form of a chelate so that it does not precipitate hut remains available for plant fertilization 
can mimic this natural process.5 An essential element that may be in short supply in nutrient- 
depleted, tropical ocean waters is phosphorous. Most phosphates are soluble and can be added 
directly to the ocean, Since the phosphate may attack the iron chelate, it may be necessary to 
keep the concentrations of both fertilizers low. This can be done by adding them to the ocean 
separately in the form of small floating pellets that release the ng element slowly over a 
period of days6 This process has been tested in the Gulf of Mexico with good results. The 
remaining required essential element is fixed nitrogen. Bluegreen algae or, as they are more 
propdy called, cyanobacteria, have the ability to fix nitrogg so inducing a bloom of nitrogen 
fixers might supply this requirement. 

When the, fertilizer mixed with water is added to the tropical ocean surface it mixes rapidly in the 
warm waters (the mixed layer) and starts the phytoplankton bloom. The plants, mostly diatoms, 
multiply rapidly, increasing their numbers by two to three times per day, until they run out of one 
of the required nutrients. They then cease growing, lose the ability to maintain buoyancy and 
presumably sink through the thermocline. The sinking biomass is trapped in the cold, dense 
waters where it is eaten by animal life and bacteria. This slowly converts the biomass back to 
COz in the deep waters. Where high concentrations of biomass reach the bottom and are covered 
by mud and debris, anoxic digestion may occur. The methane produced is converted to methane 
hydrates by the high pressure of the deep ocean. It has been estimated that there is more carbon 
in the methane hydrates of the deep ocean floor than all the terrestrial fossil hels combined. It is 
worth noting that the addition of COZ in this low concentration, natural process is not expected to 
have any adverse environmental impact on the ocean, which now has about 85 times as much 
dissolved inorganic carbon as the atmosphere. 
Since our objective is to sequester C& to the deep ocean it is important that we minimize the 
proportion of the biomass produced that is processed by animal life and bacteria in the mixing 
layer above the thermocline. This can be done by fertilizing in pulses, so that the slower- 
growing animal life cantlot multiply effectively before the diatoms have bloomed, died and gone 
below the thermocline, a period of less than 20 days.’ We must also test the waters we intend to 
fertilize in order to add the correct amount and mix to produce the optimum result. To achieve 
this we select the waters for fertilization to include a strong, shallow thermocline, tropical 
sunshine and high nutrient, low chlorophyll (I-INL.C) conditions. These waters can be found in 
the tropical Pacific near the equator west of the Galapagos Islands. The cool wind-driven 
currents go directly to the west before reaching the Line Islands of Polynesia. These HNLC 
waters can sequester about 0.4 GtCOdyr., a significant proportion of the 8.1 GtCOdyr. fkom 
fossil hels that is not sequestered naturally. 
TECHNOLOGY E X P E W N T S  TO DATE 
The technology of ocean fertilization as a means of C& sequestration is still in its infancy. 
Accurate estimates of the results of ocean fertilization cannot be obtained fkom bottle . 
experiments. The iron tends to stick to the walls, increasing the response by as much as 100 
times. Therefore, ocean voyages were started in 1993 to determine the response. The first 
voyage in the equatorial Pacific, IronEx I, spread 880 Ibs. of Fe as FeS04 on a 25 square mile 
patch resulting in an increase in phytoplankton, but no measurable decrease in the C02 content of 
the water. This was due to the sinking of the patch under an intrusion of barren warmer water. 
A second voyage in the same area of the equatorial Pacific, IronEx II, spread 990 Ibs. of Fe as 
FeSO4 on 28 square miles of the ocean surface.8 In order to mitigate the effect of iron 
precipitation, the iron was added in three infusions, half on day zero, onefourth on day three and 
one-fourth on day seven. This resulted in a bloom of diatoms. The chlorophyll increased by a 
factor of 27 times, while the COZ partial pressure was reduced by 90 mm in the patch. 
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Ocean Farming, Inc. (OFI) has undertaken two voyages in the nutrient-depleted tropical waters 
of the Gulf of Mexico. Voyage 1 was carried out in the Gulf of Mexico in early January 1998. 
Three, 9 square mile, patches were fertilized: one with iron, only; one with iron and 6.35 times 
the molar ratio of phosphorous to iron; and one with iron and 63.5 times the molar ratio of 
phosphorous to iron. The iron was in the form of a chelate to protect it from precipitation and 
the phosphorous was in the form of phosphoric acid. The ocean and weather conditions, 
including a very deep thermocline and high winds, caused the fertilizer to mix much more 
rapidly, both vertically and horizontally, than planned. The result was a bloom of large diatoms 
to 4.3 times their initial concentration in a little over one day. M e r  that, the mixing diluted the 
signal to about 1.5 times the initial chlorophyll concentration. These results, while giving a 
positive indication of a large bloom were not definitive and did not provide a verifiable measure 
of phytoplankton increase over the period of the expected bloom of about two weeks. 
Voyage 2 was carried out in the Gulf of Mexico in early May 1998. One 9 square mile patch was 
fertilized using the enhanced chelated iron-containing pellets. The ocean conditions were much 
more benign (no one got seasick) and we were able to follow the patch for six days. The pellets 
acted as expected, discharging the chelated iron over a period of four days. The result was a 
bloom of large diatoms that averaged five times background and reached seven times 
background. Funher increase in phytoplankton was restricted by the absence of the next 
required fertiliing element, probably phosphorous, nitrate or both. However, extrapolating ovk 
the increased size to the patch gave an estimated 600 tons of diatoms per ton of fertilizer pellets, 
or 1,800 tons of diatoms per ton of chelated iron added to the waters. Both voyages in the Gulf 
of Mexico were in low nutrient, low chlorophyll (LNLC) waters, which are not favorable to the 
production of large blooms. 
A fifth voyage, SOIREE, has been conducted in the Southern Ocean south of New Zealand. Full 
reporting is not yet available, but preliminary data indicate that a successfbl bloom was achieved 
in those HNLC waters. 
These experiments have added greatly to our knowledge of the biodynamics and chemistry of the 
ocean. Other recent measurements have further increased our understanding. These have 
included the tethered buoy systems (TAO buoys) as well as the SeaWiFS satellite, instrumented 
buoys and drifter systems. These systems have, for the first time, provided continuous 
measurements of the ocean surface as well as at depth, instead of isolated measurements 60m 
intermittent ship cruises. This great increase in data has provided enough understanding that we 
can now design a technology demonstration aimed at proving the COt sequestration potential of 
ocean fertilization. 

PLANNED TECHNOLOGY DEMONSTRATION 

All of these previous experimental voyages, while providing a compelling case for iron 
fertilization in HNLC waters, did not provide a solid basis for evaluating the potential for carbon 
sequestration. The fertilized patches were all 50 small that they were all edge; that is, the 
diffusion in the ocean surface waters is so great that the result of the fertilization, especially the 
amount of the biomass that sinks below the thermocline, could not be measured. Therefore, we 
have designed a technology demonstration using the long-lived chelated iron fertilizer in the 
HNLC waters of the equatorial Pacific Ocean. The fertilized patch will be 5,000 square miles in 
area and designed to sequester between 600,000 and 2,000,000 tons of CO2. The patch will be 
laid by a chemical tanker that will traverse a spiral path9 starting at a floating buoy that is 
maintained as the center of the pattern at all times. When the 5,000 square mile (80 miles in 
diameter) patch has been completed, in approximately four to five days, the commercial ship will 
return to port. It will leave a patch with an iron concentration of 2 to 4 qM Fe in the ocean, an 
increase of about 20 to 40 times background. Based on patch dissipation rates determined from 
the IronEx studies in the same general Pacific location, the reduction in concentration from 
diffusion for the center of the patch is expected to be about 2% during the 20 days of the test. A 
scientific team on a research vessel using the most advanced technology, including direct 
measurement of the sinking biomass under the patch will measure the response to the 
fertilization. The research vessel will continuously transact the patch, taking samples to compare 
with the background measurements made before the patch is laid and, later, outside of the patch. 
The academic team will measure all relevant environmental impacts until the impacts vanish, 
which is expected to take about 20 days. The ocean area of the test site is shown in Figure 1. 
This area is over 2,000 miles from any reef system and in waters 10,000 to 15,OOO feet deep that 
have high oxygen content. Therefore, anoxia that can occur in shallow waters will not be a 
problem. Red tide and noxious algae typically occur only in shallow waters so should not be a 
concern. We will not be adding any new organisms to the ocean, only increasing the numbers of 
those already there. This controlled experiment will parallel the upwellings that occur off of the 
coast of Peru in all but the El Nifio conditions, so we expect the environmental impacts to be 
benign. 
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Figure 1. Location of Planned Technology Demonstration 

possmm COMMERCIALIZATION 

Should the increasing COz content of the atmosphere be determined to have adverse impacts, the 
M e r  demonstration of this technology can provide a solution, relieving the concerns regarding 
the continuous increase. of these adverse impacts. C& sequestering could then be carried out in 
the equatorial Pacific and in other HNLC waters, especially off of Antarctica, the main areas of 
the oceans that have a high capacity of sequestering C&. For instance, if all the CQ in the 
atmosphere were sequestered in the ocean, it would raise the average concentration of COz in the 
ocean by only about 1.2%. The ocean chemistry would not be altered significantly and the 
increase ih outgassing of the COZ would be minimal. 
The cost of sequestering COz on a commercial scale is expected to be about $1.00 per ton of 
COz. ' The sales price for COz sequestering credits, should they become tradable, would be about 
$2.00 per ton of C&, to include the cost of verification, overhead and profit. It is expected that 
these credits would be highly valued since they would not suffer from the problems of fire 
hazard, leakage and additionality the forest projects for COz sequestering face. 
CONCLUSION 
Many approaches for dealing with the increase in the COZ content of the atmosphere have been 
proposed, but sequestration by ocean fertilization has received little attention. It is new, far away 
and poorly understood by many. The initial reaction is that not enough is known to warrant 
attention at this time. While this reaction may have had merit in the past, the last few years have 
seen a great increase in knowledge about the oceans, especially the equatorial Pacific, where 
moored and floating buoy systems, research vessel voyages and continuous satellite monitoring 
have all greatly increased our knowledge and understanding. The last remaining piece of the 
puzzle is to quantify the response of this HNLC ocean water to iron fertilization, which can be 
done by the large experiment described here. We now know enough to design and carry out this 
technology demonstration experiment, which can lead to solving the problem of peoples' 
concerns rather that just working on it, thereby saving time and costs while greatly reducing the 
risk of adverse consequences. 
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INTRODUCTION 
Environmental concerns about rising concentrations of atmospheric carbon dioxide are 
stimulating R&D on a variety of carbon dioxide sequestration options. In energy-supply 
research, it has been estimated that natural gas hydrates in arctic and seafloor formations 
contain more energy than all other fossil fuel deposits (coal, oil, and natural gas) 
combined.' From data in the literature it is known that the conversion of bulk methane 
hydrate to bulk carbon dioxide hydrate is thermodynamically favored.' Thus, it has been 
proposed that the sequestration of CO, and the production of natural gas might be 
performed simultaneously by the injection of carbon dioxide into deposits of natural gas 
hydrates and the conversion of CH, hydrate to the hydrate of COPz 

However, natural gas hydrates usually are found distributed within the pores of 
sediments;' and the thermodynamic parameters of methane hydrate are affected by the size 
of the porks in which the hydrates formc6 Recently we have measured the temperature- 
pressure equilibria and heats of formation of C02 hydrates in silica gel of various pore 
diameters. These measurements show how the temperature-pressure equilibrium of CO, 
hydrate depends on the pore size, and allow us to estimate the effect of pore size on the 
heat of dissociation of CO, hydrate. Bulk natural gas hydrates almost always occur in the 
"sII" crystal structure, because the presence of as little as one percent propane is sufficient 
to change the structure ffom the "SI" form of pure methane hydrate.' Measurements on 
the formation of hydrate(s) in pores by various multi-component natural gases have not 
yet been performed. Nevertheless, by comparing thermodynamic data for hydrates of CO, 
and CH, in porous media, we can explore whether calculations performed for the 
conversion of bulk natural gas hydrate to bulk carbon dioxide hydrate need to be corrected 
for pore-sue effects. 

EXPERIMENTAL METHOD 
Carbon dioxide hydrate was synthesized within the pores of silica gel following the 
method described by Handa6 for hydrates of methane and propane. The silica gel was 
obtained ffom Aldrich; according to the vendor, the pore diameter of the Davisilm material 
was 15.0 nm. Pore diameter and surface area also were determined by the BET method.' 
The mesh size of the silica gel was 200-425, and the purity of the carbon dioxide 
(Matheson Coleman) was 99.99%. Sample temperatures were established by immersing 
the pressure cell in the fluid of a NesLab model RTE-140 chiller bath, which kept the 
temperature constant to within 0.05 K. Bath temperatures were read with a Hart 
Scientific model 1006 MicroTherm thermometer, traceable to NBS standards, with a 
sensitivity of 0.001 K. Pressures were measured by means of a calibrated Serta pressure 
transducer and readout with a sensitivity of 0.0068 MPa and an accuracy of 0.11% of full 
scale (20.40 m a ) .  

RESULTS 
Figure 1 illustrates the equilibrium pressure vs. temperature curves for the hydrates of 
carbon dioxide (present work) and methane6 in 15 nm diameter pores. The carbon dioxide 
pressure-temperature data were converted to fugacities' and plotted vs. 100OE (Fig. 2). 
The carbon dioxide hydrate data in Figs. 1 and 2 are for two different equilibria: 

G .  mH20 = G (gas) + mH,O (solid) (0 
and 

G ' mH20 = G (gas) + mH,O (liquid) (2) 
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where G is the "guest" molecule. Reactions (I) and (2) are in equilibrium at the (lowest) 
quadruple point. Linear regressions were performed to the data of Fig. 2 above and below 
the quadruple point, respectively. The regression equations were In f=  17.671 - 
4.7237m (R2 = 0.9992) and Inf= 18.184 - 4.8599E (R2 = 0.9927), respectively. The 
quadruple point (i.e., point of intersection of the two regressions) was TQ= 266.9 K, P, = 
0.98 MPa. As suggested by (1) and (2), the quadruple point determined by the 
equilibrium 

mH,O (solid) = H,O (liquid) (3) 

is essentially independent of pressure over the change of quadruple point pressure induced 
either by pore effects or by changes of the "guest" component (C0,or CH,). Hence, the 
quadruple point temperature is principally determined by the effect of pore size on the 
melting point. Using differential scanning calorimetry, Handa measured the melting point 
of ice in 15 nm diameter pores to be 267.5 K.' Thus, the value for the quadruple point 
temperature found from the carbon dioxide hydrate data compares favorably with the 
expected value. From Handa's pressure-temperature data for methane hydrate we 
calculate TQ= 267.4 K. The quadruple point temperature is TQ= 273.1 K for bulk hydrates 
of CO, and CH,. Thus, the effect of pore size on the quadruple point temperature is 
simple: it is essentially the same for all guest-molecule compositions. For 15 nm diameter 
pores, the quadruple point temperature is lowered by 5.6 K. 

Next, the enthalpies for equilibria (I)  and (2) were estimated from the data plotted in Fig. 
2, by means of the Clausius-Clapeyron equation. As listed in Table 1, these calculations 
yielded the values 35.59 k h o l e  for equilibrium (1) and, 39.10 kJ/mole for equilibrium (2) 
of CO, hydrate. Also listed in Table 1 are the enthalpies that we have calculated from 
Kamath's data for methane and carbon dioxide hydrates in sand packs lo and calorimetric 
data by H h d a  for methane hydrate in 15 nm silica gel. Additional data for CO, hydrates 
in porous media may be found in ref 1 1. 
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Table 1 .  Heats of Dissociation (kJlmole) for Hydrates of Methane and Carbon Dioxide in 
Sand and in 15 nm Diameter Pores 

Guest Medium Heat of Dissociation ( H h o l e )  
reaction ( I )  reaction (2) 

CH, 15 nm pores"' 15.83 45.92 
CH4 sand@' 15.22 68.84 

CO, 15 nm pores"' 35.59 39.10 
CO, sand@' 25.43 82.43 

"'Heat measured calorimetrically by Handa5 
('''Heats calculated in the present work from the equilibrium pressure-temperature data of 
Kamath'' 
"'Heat obtained in the present work 
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INTRODUCTION 
Large amounts of gas hydrates, clathrate compounds of water and gases formed under high 
pressure and low temperature, are found in marine sediments and permafrost. To extract methane 
gas from its reservoir in a practical method, it is necessary to obtain fundamental information on 
the mechanism underlying the formation and dissociation of gas hydrates and their properties, 
including kinetics and crystal growth. We have proposed an advanced method of gas hydrate 
production, by which methane gas is extracted from the reservoir by replacing methane with 
carbon dioxide at the molecular level. This method would be feasible to achieve the sequestration 
of carbon dioxide into the sediments. The main purposes of this research are lo elucidate the 
mechanism underlying hydrate reformation and replacement and accumulate practical data for 
completing the original concept of the proposed method. We have carried out experiments on the 
dynamics on reformation and replacement of gas hydrates using an apparatus consisting of a high 
pressure vessel and a Raman spectroscopy. In this paper we present the experimental results 
concerning the behavior of gas hydrate reformation and replacement, and some discussion on the 
dynamics and the mechanism of gas hydrate formation. 

EXPEF~MENTAL 
The experimental apparatus, in which the formation and replacement of gas hydrate could be 
observed, was designed and constructed, so that the several conditions of pressure, temperature 
and concentration of gases could be precisely controlled. Fig.1 illustrates the schematic diagram of 
the apparatus and measuring system used in the experiment. The pressure cell, made of stainless 
steel with a 3.2 ml internal volume, can be used at a pressure condition of up to 20 MPa. It 
contains a glass window for observing Raman scattering of monochromalic lights, a thermoelectric 
temperature control module, and some nozzles for the introduction of gas and liquid components. 
The pressure cell is installed on a constant temperature plate 6lled with a cooling agent methanol, 
where the temperature can be controlled with an accuracy of 20.1 K. It is equipped with 
transducers for detecting and controlling pressures with an accuracy of ~ 0 . 0 5  MPa. The 
observation system of the Raman spectroscopy and a CCD camera are mounted in the apparatus 
as shown in Fig.2. 
As a preliminary experiment, samples of CH, gas hydrate were synthesized from fine ice crystals 
and pressurized CH,gas, and stored as solid-phase pellets under extremely low temperature. The 
procedures of the experiment on reformation and replacement of gas hydrates are as follows. 
A pellet of CH, gas hydrate sample with a volume of 0.8 ml is placed into the pressure cell at a 
low temperature (<253K), and remaining volume of the pressure cell is fille'd with pressurized CO, 
gas. The internal pressure and flow rate of the gas can be adjusted using a fluid supplier system. 
The flow rate of CO, is set to approximately 5 mI/min. The reformation of CO, gas hydrate is 
observed during the changes in temperature of entire system. CH, gas hydrate no longer exists in 
this condition. The experiment on replacement is conducted under the conditions where both CO, 
and CH, gas hydrates can exist in the solid phase. An optical cell and the Raman spectroscopy 
system are installed on the glass window for detecting the nucleation and change of component of 
the hydrate structure. The gas components are analyzed by gas chromatography. 

RESULTS AND DISCUSSION' 
a) Reformation of CO, and CH, gas hydrates 
There are many differences of formation properties between CO, and CH, gas hydrates, such as 
the phase equilibrium and the formation rate. Fig.3 shows the pressure-temperature relationship of 
formation obtained at the first run of CO, and CH, gas hydrates. A first run is a situation of 
nonequilibrium formation without any gas hydrate nuclei in dissolved solution. The upper curve 
represents the relationship between nonequilibrium formation temperature T, and pressure P ,  the 
lower curve, that between dissociation temperature T, and pressure Pc The center curve 
corresponds to the three-phase equilibrium estimated using the thermodynamic theoretical 
approach (Sloan). It can be seen that the relation between Pt(P,) and TL(T,) is approximately 
linear in a semilog plot. In addition, it was found that the formation relation greatly differs from 
the theoretical data of phase equilibrium. The differential temperatures between nonequilibrium 
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formation and dissociation for CO, gas hydrate were slightly higher than those for CH, gas hydrate, 
At the second and third runs, reformation of gas hydrates occurred under conditions of higher 
temperatures and/or lower pressures than those at the first run. However, a supercooling 
temperature higher than 1.5 K was necessary for gas hydrate reformation in the case of CO,. 
These properties may reveal interesting phenomena concerning the mechanism of gas hydrate 
nucleation under nonequilibrium conditions. 

b) Solid-phase formation of CH, gas hydrate samples 
CH, gas hydrate samples were synthesized in the solid phase for the replacement experiment using 
fine grains of ice crystal (average diameter: 0.1 mm) and the solution in which CH, gas hydrates 
were dissociated at a temperature slightly higher than the equilibrium temperature. It took a 
relatively short time to achieve nucleation of gas hydrate using the dissociated solution. When the 
temperature was set 2.0 K lower than the equilibrium temperature, the reformation of CH, gas 
hydrate could be achieved within 24 hours. Fig.4 shows the .result of Raman spectroscopic 
analysis for CH, gas hydrate obtained using the procedure. A sharp Raman shift appears around 
2905/2915 cm-', indicating the existence of Type-I CH, gas hydrates. According to a more precise 
analysis, the hydration number of the obtained samples was in the range of 6.4 to 6.0, that is, the 
ratio of occupancy in small cages can be estimated to be approximately 85-95 percent. 

c) Formation rate of CO, gas hydrate in quasi-liquidphase 
The formation rate of CO, gas hydrate was measured in situ observation using Raman 
spectroscopy; results are shown in Fig.1. The nucleation of gas hydrate was 
crystals under a temperature lower than 273 K. After setting ice crystals into the pressure cell, 
CO, gas was introduced to maintain the pressure inside the cell at 1.6 MPa. Fig.5 illustrates the 
trend of the Raman shifts obtained from 10 minutes to 2170 minutes after nucleation. Four 
Raman shift peaks were observed, in which peaks of around 1276 cm.' and 1381 cm" are due to 
the existence of guest in the CO, gas hydrate structure. If was found in Fig.5 that the values of 
peak stredgth increase with time after the nucleation of gas hydrate. As the peak strength closely 
corresponds to the numbers of molecules in the structure, the formation rate of gas hydrate can be 
estimated from the peak strength. Fig.6 shows the formation rates of CO, gas hydrate obtained at 
temperatures from 254.5K to 274.5K. The formation rates of gas hydrate changed greatly with 
temperature, especially in the range between 269 K and 275 K. This suggests that the existence of 
quasi-liquid phase water, a type of slightly melting ice, plays an important role in promoting 
formation of gas hydrate at the gas-solid interface. Based on the behavior of CO, formation, the 
optional temperature for the replacement process was set around 273-275 K. 

d)  Replacement of CO, and CH, gas hydrates in solid phase 
The replacement experiment on CO, and CH, gas hydrates was carried out using a bulk scale 
testing apparatus. Samples of CH, gas hydrate were synthesized in the solid phase from fine ice 
crystals and the dissociated solution. A preliminary process was performed under the conditions 
mentioned in the experimental procedure. During the process of replacement, the pressure of CO, 
was 2.0 MPa and the temperature was 274f0.5 K. Fig.7 illustrates the Raman shifts obtained 
from the replaced hydrate sample observed 1 hour following C0,introduction. Two typical peaks 
appeared in the Raman spectra, 2905/2915 cm.' for CH, hydrate and around 1275/1380 cm-' for 
CO, hydrate. This mdans that both CH, and CO, gas hydrates coexist in the structure of the 
replaced hydrate sample. Based on quantitative analysis, the ratio of occupancy for CO, / CH, gas 
hydrates in the replaced hydrate sample were 40 and 45 percent, respectively. The portion of CO, 
gas hydrate in the sample increased with time. Fig.8 shows the trend of CO, / CH, components in 
the solid hydrate after CO, introduction as a function of time. The data were obtained from in situ 
observation and the analysis of peak strength of Raman shifts. This result indicates that the 
replacement of guest elements in solid gas hydrates could be achieved within a short period of 
12 hours, if the pressure and temperature are precisely controlled in the pressure cell. It is also 
considered that a period of 2 hours is sufficient for nucleation of CO, hydrate at the surface of 
sample, and then crystal growth proceeds as a result of CO, transport into the solid hydrate. 
Because the transport of CO, gas should be fast in porous media, the in situ replacement of CO, 
gas hydrate may be used for the extraction of gas hydrates from their reservoirs. More systematic 
researches are necessary to elucidate the phenomenon underlying gas hydrate replacement. 

CONCLUSIONS 
Experimental studies on the dynamics and behavior of reformation and replacement of gas 
hydrates was carried out using a specially designed apparatus. It was shown that reformation of 
gas hydrates easily occurred in the quasi-solid structure when the dissociated solution is used. The 
rate of reformation of CO, gas hydrate was observed by Raman spectroscopy. The results of the 
bulk scale experiment showed that replacement of CO, gas hydrate could be achieved within a 
period of 12 hours in pure samples of CH, gas hydrate that had been synthesized as solid crystal, if 
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the pressure and temperature are precisely controlled in the pressure cell. The replacement of 
guest elements in CO, and CH, gas hydrates may be quite innovative from both aspects, the 
extraction of gas hydrates and sequestration of CO, to maintain the global environment and 
stability of marine sediments. 
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ABSTRACT 
The rise rate and dissolution rate of freely released C02 in the ocean were measured to provide 
fundamental data regarding carbon sequestration in the upper ocean. These experimental 
observations were accomplished using MBARIs advanced remotely operated vehicle (ROV) 
technology. Small amounts of liquid COz were released at 800 m depth and ambient temperature 
(4.4"C). The rising droplets were contained within an open ended acrylic chamber and were 
imaged with an HDTV camera. The mean rise rate for a droplet of initially 1 cm diameter 
observed over a one hour period was 12.4 c d s e c .  The rise rate was initidly about IO c d s e c  
and it gradually increased to about 15 c d s e c  as the bubble rose. The mean dissolution rate was 
3.7 pnol/cmz/sec. Visual contact of the rising droplets was maintained for up to I hour and over 
400 m initially suggesting a slow dissolution rate and long bubble lifetimes. However, 90% of 
the mass loss occurred within 30 minutes and 200 m of the release point. 

INTRODUCTION 
Concern about the rising levels of atmospheric C02 and the continued use of fossil fuels to meet 
ever increasing energy demands lead to consideration of the disposal of fossil fuel C02 in the 
ocean as' a means of ameliorating greenhouse gas induced climate change (1,2). While many 
models of this process have been formulated (3,4), and various laboratory simulations have been 
carried out ( 3 ,  there have been few direct oceanic experiments reported. With the availability of 
advanced ROV technology at MBARI, it was thought possible to cany out a controlled release of 
liquid and gaseous C 0 2  in the open ocean, and to observe the processes taking place. In earlier 
work (6) we reported on contained experiments involving C& and COZ to form hydrates. Here 
we present an initial experiment addressing the more difficult problem of observing and 
accurately measuring the behavior of a rising stream of freely released liquid C02. We choose 
this approach in order to evaluate the effectiveness of intermediate depth releases when all the 
co-varying properties of salinity, temperature, and pressure are present, and to represent the fluid 
dynamics of a rising cloud of liquid C02 droplets in the ocean. 

In order to properly evaluate whether it is wise to proceed with any ocean disposal option, an 
accurate description of the fate of C02 injected into wean water is necessary. At shallow depths 
(above about 350 m, depending upon the local temperature gradient) C 0 2  is a gas, and readily 
dissolves. Below this depth, we encounter the gas hydrate phase boundary where a shell of C02-  
hydrate may be generated (7,8) on the bubble/droplet surface. Such a hydrate skin or shell, could 
have profound consequences; both slowing the rate of dissolution, increasing bubble lifetimes 
and increasing the thickness of the layer where the bulk of the C02 dissolves. Below about 
400 m depth, pure C02 will exist as a liquid. Due to the relatively high compressibility of liquid 
COZ in comparison to seawater, the density ratio will invert at high pressure such that below 
about 2800 m depth a gravitationally stable release can be achieved (9). Release of C02  at 
depths deeper than this, may promote rapid and massive solid hydrate formation, and may lead to 
long oceanic residence times and effective sequestration from the atmosphere. The potential cost 
and technical difficulty of this deep injection scenario suggests the need to evaluate alternate 
injection scenarios at shallower depths. 

While laboratory studies of the C02 clathrate-hydrate phase boundary and the solid phase have 
both been successful, it is difficult for a laboratory study to simulate the behavior of freely 
released material in motion, in a complex physical regime. Thus, several mathematical models 
have been devised to simulate this process and differing conclusions were reached. Holder et al. 
(10) modeled the behavior of a rising C02 plume incorporating a constantly growing film of 
solid hydrate. With time, this film slows the rise rate since COrhydrate is more dense than 
either seawater or liquid COZ, and eventually causes the combined mass to sink. Herzog et al. (3) 
modeled the dissolution rate of liquid COZ between 500 and 2000 m without the hydrate effects. 
They concluded that if the initial droplet radius is less than 1 cm, then complete dissolution 
would occur within less than 200 m. Very complete sets of model calculations incorporating 
plume dynamics have been carried out (3,4,1l), and yet no field data exist to compare these 
models against. 
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EXPERIMENTAL 
The experiments were executed beginning at 8OOm depth in Monterey Bay, off the coast Of 
central California, during October 12-13, 1999, using the ROV Ventana. The ROV was 
equipped with an HDTV camera to observe the COz released and the video tape recorded from 
this camera provides a permanent record of the work. The system captures images with a 
specially modified Sony HDC-750 high-definition television camera which digitizes the picture 
data and formats it to the SMPTE 292M HDTV interface standard with 2:1 interlace. The 
resolution of the images is 1035 pixels vertically and 1920 pixels horizontally which is about 
five times the resolution of conventional video. The image data is recorded with a Panasonic 
HD2000 high-definition video tape recorder without any further transcoding steps. 

An earlier attempt at observing the free release of C02 had shown that it was impossible to 
maintain a COz droplet cloud that was free to move in all dimensions within the field of view. 
Effects of the vehicle motions, strong lateral forcing due to local currents, and the similarity of 
appearance of a droplet of liquid CO2 to the ubiquitous gelatinous marine organisms, all 
combined to frustrate continuous observation. Therefore a simple imaging box (89 cm long, 25 
cm deep, and with a transparent face 30 cm wide) was constructed. It was open to the ocean at 
top and bottom, and mounted directly in front of the camera. The purpose of this box was to 
restrain lateral motions, while permitting free upward motion of the droplet plume. A meter 
scale within the box provided dimensional control within the imaged field. Additionally, the 
opaque back of the box hid the visually distracting marine snow in the background. The liquid 
COz injector was modified slightly from that described earlier (9), and used a piston assembly, 
operated by the vehicle hydraulic system, to deliver 128 mL of liquid per stroke through a 
118-inch orifice mounted on the back of the imaging box. Smaller volumes were delivered with 
partial strokes. A CTD instrument mounted on the ROV provided depth, temperature and 
salinity information for the duration of the experiment. The experiment depth was chosen to 
match plans for a future large-scale release of C02 off the coast of Hawaii (12). 

With the known dimensions of the bubble box, and the meter scale attached to the rear wall, we 
have numerical reference points with which to quantify the images of droplets during ascent. 
The time at which an image was recorded was logged on the same time base as the vehicle depth 
(pressure), temperature, etc. Frame grabs from the HDTV video tape provide a convenient 
means to measure droplet dimensions by comparison to the numerical scale. 

At first glance, this experiment is disarmingly simple, however experience has shown that there 
is more here than meets the eye. It requires the precise, piloting of a 3 ton vehicle, subject to 
oceanic forcing in 3 dimensions, while imaging a small cloud of droplets with millimeter 
precision for one hour over hundreds of meters of ascent. The successful completion of this 
experiment is a tribute to the skill of the ROV pilots and engineers. 

RESULTS 
Two COz release experiments were carried out. In the first experiment, the droplets rose from 
800 m to 625 m depth during the course of 21 minutes, at which time the droplet escaped from 
the bubble box. In a second release, a droplet was followed from 800 m to 340 m depth during a 
period of about 1 hour. The depth versus time curve for the second release is shown in Figure I .  
Small errors in positioning the bubble in the vertical center of the box are assumed to be 
negligible when compared to the over 400 m rise of the experiment. The temperature profile 
recorded during this experiment is overlain on the relevant portion of the phase diagram for COZ 
in seawater in Figure 2. Note that visual contact with the bubble was lost just below the hydrate 

.phase boundary. The nearness of this significant boundary attracted our attention initially, but 
the evidence suggests that the visual loss of the bubble at this point was coincidental. 

A mean ascent rate of 12.8 c d s e c  was observed during the first release and 12.4 c d s e c  for the 
second, longer, experiment. Close inspection of the data revealed a measurable increase in 
velocity with decreasing pressure and concomitant diminishing droplet diameter. By fitting a 
second-order polynomial to the depth versus time data, we were able to better estimate (from the 
first derivative of this equation) that the rise rate was 10.2 c d s e c  initially, increasing gradually 
to 14.9 c d s e c  just before contact was lost with the bubble. A dramatic change in rise rate 
coincident with the transition from droplet to bubble on crossing the liquid-to-gas phase 
boundary, was not observed. While the data can be smoothly fit with a second order polynomial 
(see Figure I )  with no evidence of a discontinuity at that point, data above this phase boundary 
are sparse. As the droplets rose, they shrink from dissolution, expand from pressure release, and 
encounter progressively wanner and less dense seawater. The net result of this complex process 
is the small and relatively simple to model increase.in rise rate versus time that was observed. 

The ideal experiment of a single purely spherical droplet proved unrealistic. Early we observed 
that bubble collisions were frequent, and that rafts of COZ droplets remained strongly attached to 
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each other and that these rafts persisted for very long periods. At the same time, one could 
recognize a distinctively shaped unit and follow it within the droplet cloud. One such unit was 
found which later formed a droplet pair. The changing dimensions of this droplet pair during 
their ascent are given in Table 1. These complex shapes, rotating in three dimensions present 
varying aspect ratios to the camera and frame grabs were carefully selected to remove this effect. 

Occasionally, droplets collided with and stuck to the walls of the bubble box. It was possible to 
free the droplet with a sudden lateral ROV motion, but the possibility of mass loss to the walls, 
rather than by dissolution remains. Furthermore, boundary flow occurs along the walls of the 
bubble box as the vehicle rose, and droplets were consistently drawn to this region. In spite of 
these difficulties it proved possible to maintain the droplets in free flow for the greater part of the 
ascent suggesting that any bias due to boundary effects is small. Images, from an alternate 
experiment, where droplets of liquid C02 were allowed to rise freely while the ROV was held 
stationary and thus no boundary flow effects are present, are being analyzed to determine the 
extent of the impact of the boundary flow upon the measured rise rates. 

Table 1 presents the data on droplet size versus depth. Additionally, these data are plotted versus 
time in Figure 3. From these observations, and literature values on the density of liquid C02 as a 
function of pressure and temperature, it is possible to calculate the mass loss with time. These 
results show that droplet diameter changes as a linear function of time, and gives a dissolution 
rate for liquid CO? of 3.7 Fmol/cm2/sec. This result compares well with the results of Aya et al. 
(5) from laboratory pressure vessel studies at 30 MPa and 4.5”C. The laboratory measurements 
yield a value of 1.7 or 2.8 pmoYcm2/sec with and without a hydrate skin, respectively. The 
slightly higher rate obtained in the natural environment, may be due to the lower pressures 
involved and the complex physical situation, or the dynamics of a rising droplet stream (13,14). 

In earlier work (6,9), we have demonstrated that within the phase boundary, C02 hydrate forms 
readily, almost instantaneously, on vigorous mixing of C02 and seawater. In these experiments, 
hydrate formation is usually recognizable by a change in optical reflectivity at interface of the 
phases, and by a white cloudy appearance. Based upon the imagery we obtained, it is not 
possible to state with certainty, whether the droplets followed here maintained a hydrate skin. 
Immediately after injection, the droplets appear to have a stiff surface skin, and droplet rafts 
formed and maintained a stick like shape. As the droplets rose they became more rounded, and 
soon appeared to be hydrate free. It is possible that some hydrate may have formed inside the 
release tube and was carried out with the droplets. However it is impossible, on the basis of 
these observations, to say whether the dissolution rate observed was affected by a molecular 
boundary layer of hydrate, or whether the relatively slow dissolution is simply the result of the 
high degree of immiscibility between liquid COz and seawater. 

The choice of a scenario for the long term sequestration of anthropogenic COz, either via a rising 
stream of C02, or via the formation of a sinking plume with hydrate formation (9) has yet to be 
made. The results presented here should allow a more accurate prediction of the COZ/pH field, 
and the environmental effects, surrounding an injection point. However, a critical property for 
the longer term will be the effectiveness of the process in terms of sequestration. For example, 
the depths chosen here cover the 27.3 - 26.8 (ce) isopycnal surfaces. While the 26.8 surface is 
the most dense seawater to outcrop seasonally at the surface in the North Pacific, Warner et al. 
(15) have recently mapped the ventilation age of this surface demonstrating that it was relatively 
recently (12-32 years) exposed to contact with the atmosphere. This probably represents the 
shallowest depth at which disposal in this ocean basin is likely to be effective as a sequestration 
option, although other shallow disposal scenarios have also been considered (13,14). 

The small-scale ROV experiments described here are a “first effort” to evaluate these processes, 
and appear to offer an effective way to approach the problem without the costs and problems 
associated with larger-scale releases. We were not yet able with these small quantities to easily 
simulate some of the changes in local seawater density, and “peeling” of the plume predicted by 
large scale fluid dynamic modeling (1 1). At the same time, it should be recognized that the 
results reported here pertain to isolated bubbles moving in a more or less undisturbed ocean. 
Differences with the large-scale releases will no doubt be found. It is not only possible to extend 
these studies to include biological effects (16) but it is also desirable and this work is in progress. 
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Table 1 

Measured Liquid C o t  Droplet Characteristics during Ascent from 800111 Depth 

I, 

I 

49.73 I 447.3 I 5.995 I 1 0.45 I 0.8910 1 1 0.97 I 14.0 
61.65 I 341.2 I 7.291 1 I 0.25 I 0.8632 I I 0.16 I 14.9 

The initial droplet tracked (a) was joined at about 650 m depth by a second, larger, bubble (b) 
which became attached. No change in rise rate could be detected due to the attachment, and the 
changing size of each droplet could be independently determined. The mean density of liquid 
CO2 during the rise of the droplets was 0.92 (a) and 0.90 (b), respectively. Thus, a 1 cm3 droplet 
contains 21.1 (a) or 20.4 (b) millimoles CO2. We calculate the dissolution rate (r) from the 
slope of: 

(r, - ro) = - V, x r x ( I  - to), [ I1  

where V, is the specific volume (mmol/cm’), ro and r, are initial droplet radius and droplet 
radius at time I ,  and to and r are initial time and the time elapsed since to. The observed 
dissolution rate was 3.7 pmol/cm*/sec. 

The rise rate was determined by fitting a second-order polynomial to depth versus time to obtain: 

2, = - 2.250 X IO-’ xt2 - 6.145 x t + 799.2, P I  

then taking the first derivative of equation [2] to yield the rise rate at time, I :  

R, = -0.0450Xt - 6.145. [31 
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Figure 1. Plot of the observed ROV depth vs time for the second CO1 release (solid line) and 
selected droplets (0). The mean rise rate for this release is shown as the dot-dash line tangent to 
the mid-point of the data curve. The dashed line is the second order polynomial fit to depth. 

200 

5 

- 400. 
E 

a ' 600: 

- 

800 

'. 
' \ .  

I . - . _  G a s .  
' Stability :( Liquid.. 

.- - % 

--I  

' Hydrate 

Zone 
. - . .  . 

! 

!. 
I 

I 

1.2. 

1 .o 

- 8 D . 8 -  5 0.6. 0.4: 

B 

- 

0.2 

0.0. 

798 

Q 

\ \ \ ,  +b\ : . s  .0.6 -0.4 g, g 
-h . 3  

. 9 .0.2 5. 
. i' 
. o.oQ 

.1.0 

0.8 
. 5  

2 



ANALYTICAL AND EXPERIMENTAL STUDIES OF DROPLET 
PLUMES WITH APPLICATION TO Cot  OCEAN SEQUWTRA'I'ION 

E. Eric Adams, Brian C. Crounse, Timothy H. Harrison, and Scott A. Socolofsky 
Dept. Civil & Envirn. Engrg., Massachusetts Institute of Technology, 

Cambridge, MA 02139 

1. Abstract 

This paper describes a numerical model of a steady-state plume in linear stratification driven by a 
buoyant dispersed phase, such as bubbles or droplets. The model was developed specifically to 
simulate COz sequestration plumes. It extends the hybrid double-plume model of Asaeda & Im- 
berger (1993) by incorporating droplet dynamics (dissolution, hydrate formation, and phase 
changes), by introducing a self-regulating detrainment criterion, and by allowing multiple intru- 
sions to overlap. The model is calibrated to data from the literature and is applied to study the 
sensitivity of a C02  plume to ambient stratification. 

2. Introduction 

Several techniques for transferring C 0 2  to the deep Ocean have been proposed; buoyant droplet 
plumes injected around IO00 m depth are the simplest and least costly (Adams & Herzog 1996). 
Although the oceans and atmosphere will eventually equilibrate (on the order of 1000 years), the 
intent of such a sequestration strategy is to minimize atmospheric C02 concentrations over the next 
few hundred years, by which point C02 emissions will have significantly decreased (Adams & 
Herzog 1996). This paper examines the design of such a C02injection. 

This paper presents a numerical model for a two-phase plume in stratification that extends the 
hybrid double-plume model of Asaeda & lmberger (1993). The model currently neglects the 
effects of a crossflow in order to minimize the number of dynamic processes involved. This is 
deemed acceptable since the nwurrent case probably represents a worstcase scenario in terms of 
dilution of the dissolved C02. Because the dissolution of C02 increases the density of the seawater. 
there is a feedback on the plume dynamics. After presenting the model, this paper explores the 
relative importance of stratification and COz dissolution for controlling the resultant plume struc- 
ture. 

3. Model Formulation 

The spatial evolution of a two-phase plume in stratification is controlled by four primary processes: 
buoyant forces acting upon the droplets and plume water, dissolution of the droplets, turbulent 
entrainment of ambient water into the plume, and buoyant detrainment, called peeling. Qualitative 
two-phase plume behavior depends on the values of the droplet buoyancy flux, B, droplet slip 
velocity, us, and the strength of the ambient density stratification, N. Asaeda & Imberger (1993) 
and Socolofsky (in prep.) have identified four classes of two-phase plumes in stratification, illus- 
trated in Figure I .  Type 1 plumes act like plumes in unstratified surroundings, flowing to the water 
surface without interruption. Type 2 plumes exhibit one or more intermediate peeling events, 
where plume water is stripped from the rising droplets by buoyant forces. The peeled water de- 
scends until it becomes forms a neutrally buoyant intrusion flow. Type l* is a variant of Type 2 
where the droplet slip velocity is low enough that the droplets partially peel along with the plume 
water. A Type 3 plume occurs when the droplet slip velocity is very high, so that the droplet core 
does not effectively transport ambient fluid. The progression from Type I *  to Type 3 can be 
correlated with the dimensionless slip velocity (Socolofsky, in prep.), 

u, 
(BN)'I4 

U, =- 

The vertical evolution of plume structure. can be predicted with an integral model. lntegral models 
describe the plume flow as a onedimensional problem by assuming a profile shape independent of 
height for each variable describing a plume property. Although this similarity assumption is not 
strictly valid for a two-phase plume in stratification, models based on similarity have been success- 
ful (Asaeda & lmberger 1993, Wiiest et al. 1992. Turner 1986, McDougall 1978). Here, we choose 
topheight profiles (variables are assumed constant over the plume width) for both the inner, rising 
plume of water and droplets, and for the outer, falling annular plume of water only. Asaeda & 
lmberger (1993) introduced this type of double plume. 

We formulate the model in terms of the governing flux variables. The mass flux of bubbles, wb, is 
given by their number flux, Nb. their nominal diameter, db, and their density, pbr yielding 

(2) 1 
wb(Z) =a": (Z)N,p,(Z) = Q b ( Z ) P b ( Z )  ' 
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Type 1 Type 1' Type 2 Type 3 

Figure 1. Schematic of characteristic two-phase plume behavior in stratification. 

The size and density of bubbles are tracked in a bubble sub-model that accounts for dissolution, 
hydrate formation and phase changes. Denoting Xas the cross-sectional fraction of the inner plume 
occupied by bubbles, we define the volume flux, Q, of plume water as 

where u is the average water velocity and b is the plume width. The subscript i indicates an inner- 
plume value. The momentum flux, M, includes the momentum of both the bubbles and the droplets 

M i  ( 2 )  = ylf' (1- X ( z ) ) ~ , ' ( z ) p ,  ( z ) b d r +  y r  X(z ) (u f  (z )+ub(z) ) 'pb 2mdr (4) 

where ub is the bubble slip velocity and y i s  a momentum amplification term, first introduced by 
Milgrarn (1983). that accounts for the fact that the model formulation implicitly ignores turbulent 
momentum transport. Because X u 1 and u( = qu,), the second term in (4) can be ignored giving 
M,= p,%b,'u,?= ~ Q , u , .  

The buoyant forces generating the plume result from changes in density. For this model, density is 
tracked through changes in salinity flux, S, heat flux, J ,  and the dissolved COz flux, C. The salinity 
flux is defined from the local plume salinity, s, such that 

S, ( z )  = Qi (z)s, (z). (5)  

J , ( z )  = Q,(z)p,c,(z)T,(z) (6) 

where cp is the heat capacity of the fluid. Finally, the dissolved COz flux is defined from the local 
dissolved C02 concentration, c, 

The heat flux of the plume is defined from the local water temperature, T, yielding 

Ci ( z )  =Q, ( z )c , ( z ) .  (7) 

Thus, (2) through (7) define the model state variables for the inner plume. 

The state variables for the outer plume are nearly identical. I Ie  primary difference is that, because 
the outer plume is assumed to be annular, the volume flux of the outer plumes is defined as 

Q,W - b,')~,  ( 8 )  

where the subscript, 0. indicates an outer plume value. Defining z as the upward spatial coordinate 
and specifying that the outer plume flow downward, the velocity u, is negative and ui is positive. 
Using ( 8 )  and changing thq subscripts in (2) to (7) from i to o yield the flux equations for the outer 
plume. 

The plume develops by exchanging fluid with the ambient and by exchanging fluid between the 
inner and outer plumes. The entrainment hypothesis, introduced by Morton et at. (1956), states that 
the entrainment flux across a turbulent shear boundary is proportional to a characteristic velocity in 
the turbulent layer. In this model, we have defined three entrainment fluxes: Ei entrains from the 
ambient or from the outer plume. into the inner plume, E, entlains from the inner plume into the 
outer plume, and E. entrains from the ambient into the outer plume. The entrainment relationship 
for counterflows is not well known. Here, we adopt the relationship used by Asaeda & Imberger 
( 1993): 

I ,  

f ,  

where the ds are entrainment coefficients. 
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The final exchange equation accounts for buoyant detrainment, which has been modeled in a 
variety Of ways. Liro (1992) assumed that a fixed fraction of plume fluid was ejected when the net 
buoyancy flux across the plume approached zero. Asaeda & lmberger (1993) assumed that all of 
the Plume fluid detrained when the net momentum approached zero. Based on experiments. peel- 
ing is better predicted when the net momentum approaches zero. For this model, a self-regulating 
Peeling criterion is introduced. We know that peeling occurs when the drag from the bubbles can 
no longer support the negative buoyancy of the fluid. The simplest parameterization that behaves 
similarly to experiments gives the peeling flux as 

where E is a non-dimensional fitting parameter of order 0.01, and B is the buoyancy flux, defined as 

B , ( z ) = g Q J z )  P" ( z )  - P/(Z) (1 3) 

where pa is the ambient density. The relationship in (12) makes it easier for outer plumes to over- 
lap and makes it possible to simulate the continuous peeling nature of Type 3 plumes, which were 
first defined by Asaeda and lmberger (1993). 

With these. definitions, the plume conservation equations can be readily defined. From mass 
conservation, we have: 

Pr 

-= E, + E o  + E ,  (14) 
dz  

da.= E, + E ,  + E ,  + E , .  (15) 

Momentum conservation states that the momentum changes in response to the applied forces, 
which giyes the following equations 

d z  

!!% = -ga(b: - b;)(p, - p,,) + E,p.u, + E,p,u, + E,p,u,  + E.Ppa.  (I7) 

The conservation of salt, heat and dissolved C02 flux follow from the mass conservation equation, 
yielding for the inner plume: 

~ = E , s , + E , s , + E , s ,  (18) 
dz 

d z  

5 = E,c, + E,c, + E,c, 
d z  

and for the outer plume: 

-= dsO Elso + E,si + E , s ,  +Ens , ,  
d z  

(22) 

(23) 

The last term in (19) accounts for the energy released by dissolving C02. 'Ihe densities pi d p , ,  
are determined by an equation of state which is a function of s, T, and c. dW/& is calculated by 
the bubble sub-model. 

The model begins with integration of the inner plume from the point of release to the point where 
the droplets disappear or the water surface is reached. Once the inner plume integration is wm- 
plete, the outer plume segments are integrated. The integration of each outer plume section contin- 
ues until the momentum flux approaches zero. Then, the next outer plume section is initialized and 
integrated. This cycle repeats until the solution converges to a steady result (typically IO itera- 
tions). 

4. Results 

dJ 
L = c p p , ( E i T o  + E J I  + E p q  + E,T,) 
d z  
- dC, E,c, + E,c, + E,c, + E,c, 
dZ 

Literature data were available for an unstratified bubble plume and for a single-phase plume (u&) 
in stratification. For both these cases the outer plume did not develop, so only values for q could 
be calibrated. Data for the unstratified w e  were from Milgram (1983) for a 50 rn deep spring. 
The model matched the trend and magnitude of the measured plume velocities for a value of a;. = 
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(a) Trap Height (b) Intrusion Layer Flux 

Case 
Decreased stratification 

Base case 
Increased stratification 

0 
0 1 2 3 4 0 1 2 3 4 

0 

U, = Us / U, = us / 

Intrusion excess C02 
0.03 Kglm' 
0.06Kg/m3 . 
0.13 Kgm' 

Figure 2. Model predicted (a) trap height and (b) intrusion layer volume flux versus experi- 
mental data. Up and down triangles are from Reingold (1994). open circles are from Asaeda 
and lmberger (1993). right-pointing triangles are from Lemckert and Imberger (1993). and 
squares are from experimenrs described in Socolofsky (in prep.). Model predictions are repre- 
sented by the filled circles. 

0.12. In the stratified case, the trap height relationship hr= 3.8(B/N3)'" was tested. The model 
reproduced the scaledependence of hr on B and N for q = 0.1 1. 

Additional calibration data for twephase plumes in stratification were available from Socolofsky 
(in prep.). The height of the first peeling event, hr, and the volume flux in the resulting intrusion, 
Qi, can be correlated with (IN. Calibrating to the trap-height relationship gives values of q = 0.07, 
q, = 0.1 I, and = 0.1 1. Figure 2 shows the model predictions for trap height and intrusion layer 
flux, compared to experimental data. 

The ambient density gradient, characterized by the buoyancy frequency, varies somewhat with 
geographic location and strongly with depth. To investigate the model sensitivity to stratification, a 
basecase C02 injection scenario was defined. Table I summatizes the base case along with 
scenarios featuring decreased and increased stratification. 

Table I .  Simulation scenarios for COz sequestration sensitivity analysis. 

Figure 3 shows the model results for the three sequestration scenarios in Table 1 .  Although the 
total plume rise heights are about the same (the bubbles completely dissolve at the same height), 
the intrusion levels and fluxes differ. The volume flux to the intrusion layers decreases with in- 
creasing stratification because their descent is arrested more quickly in higher stratification, which 
leads to less cumulative entrainment and less total dilution. The mean concentration of excess C 0 2  
and the resulting change in pH in the intrusions are summarized in Table 2. 

Table 2. Intrusion excess C02concentration and change in pH for the three cases simulated. 

, The near-field dilution of the CO2 reported in Table 2 is controlled by the competition between the 
stratification and the solution density effect of the C02. Over the range of buoyancy frequencies 
sampled. the concentration of C02 in the intrusion layers is nearly proportional to the buoyancy 
frequency. 
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ABSTRACT 

An international collaboration to investigate the sequestration of COz in the deep ocean was 
initiated in December 1997. The program is being funded by agencies of the governments of 
Japan, the U.S., Norway, Canada, and Australia; and Asea Brown Boveri (ABB) of Switzerland. 
The investigation comprises both experimental and modeling components. During the first phase 
of the program which runs through March 2002, a field experiment will be conducted in the 
summer of 2001 in which liquid COz will be injected through various nozzles at a depth of 
approximately 800 m in the ocean at flow rates ranging from about 0.1 to 1 kg/s. Data will be 
obtained to develop and validate models that can be applied to predict induced changes to sea 
water chemistry. This paper describes the planned field experiment and presents selected results 
from laboratory and modeling studies that have been conducted to support the field experiment. 

INTRODUCTION 

Anthropogenic emissions of grcenhouse gases may precipitate significant changes in global 
climate. The magnitude and extent of these changes are be ig  actively investigated and debated. 
Carbon dioxide (CO’) currently is the most important of these gases due to the preponderant 
quantities Wig released into the atmosphere by the combustion of fossil fuels. The latest 
Lntergovemmental Panel on Climate Change (IPCC) assessment indicates that more than 80% of 
the heat trapping potential of anthropogenic greenhouse gas emissions is associated with C02 
(UNFCCC, 1997). 

International negotiations to establish practices that will stabilize atmospheric concentrations of 
greenhouse gases have been underway since 1992. In 1997, the Kyoto Protocol established 
legally-binding greenhouse gas emissions targets for Annex I industrialized countries. For the 
majority of these countries, the Protocol mandates that a 5% to 8% reduction of C02 emissions 
from 1990 levels be achieved sometime between 2008 and 2012 (UNFCCC, 1998). 

Although renewables are b e i g  promoted to reduce greenhouse gas emissions, a major transition 
away from fossil fuels appears unlikely in the near-term. At present, practical and economic 
factors favor approaches such as increasing the percentage of electricity generated by nuclear 
power plants, energy conservation, switching from coal and oil to a lower-carbon fuel such as 
natural gas, and upgrading the efficiencies of fossil fuel energy systems. 

Another approach to reduce greenhouse gas emissions into the atmosphere from fossil fuel 
combustors is to develop techniques to recover, reuse, and/or dispose of the ‘fossil’ C02 released 
by these devices. One technique that has emerged as a primary candidate for the control of 
atmospheric carbon emissions involves extraction of C02  from flue gases, followed by 
liquefaction and sequestration underground or in the deep ocean. 

Removal and liquefaction of C02  from the emuent streams of industrial fossil fuel combustors 
can be accomplished utilizing existing technologies, albeit at substantial cost (Mori et al., 1993; 
Herzog et ul., 1996). The technical viability of the concept as a means to stabilize emissions 
therefore depends on whether long term (Le., of the order of centuries) sequestration of the 
captured CO’ from the atmosphere can be achieved. Given the limited range of reuse options, 
huge quantities of COz will need to be disposed of in an environmentally safe, and cost effective 
manner. Disposal in the ocean and in subterranean sites such as deep coal seams, spent gas and 

804 



oil wells, aquifers, salt domes, and rock caverns has been considered. While geological storage has 
the potential for very long term sequestration from the atmosphere-of the order of millennia-the 
world's oceans have a larger capacity to absorb C02. It has been are estimated that the oceans 
can accept orders of magnitude more C 0 2  than the amount that would be released by oxidation of 
all known recoverable fossil fuels reserves 

The oceans currently remove at least 2 Gigatonnes (i.e., 2 x IO'* kg) of the 6-7 Gigatonnes of 
carbon released annually by buman activity into the atmosphere. Over time, about 80% of this 
anthropogenic carbon is expected to find its way into the oceans. The slow process of exchange 
between the surface and deep zones of the wean, however, constitutes a bottleneck that results 
in the accumulation of C02 in the atmosphere. While direct injection of C02 into the depths of 
the ocean would circumvent this bottleneck, associated impacts on the marine environment in the 
region surrounding the discharge need to be investigated. C 0 2  readily goes into solution in sea 
water to form dissolved C02, and carbonate and bicarbonate ions (Miller0 & S o h  1992). One 
consequence of this process, however, is a depression of pH. While calcareous materials present 
in the deep ocean will buffer this effect, and dilution should limit acute changes in sea water 
chemisv, accurate quantification of these changes is not possible with existing data and models. 

Laboratory experiments to investigate C02 ocean disposal phenomena have been pursued for 
over a decade (Masutani & Nihous, 1997). While these experiments have yielded important 
information, they will never be able to simulate completely the complex, large-scale discharge 
process. To address this limitation, an R&D program comprising a sequence of three field 
experiments of increasingly larger scale was authorized via a cooperative agreement signed in 
December 1997 by representatives of the Governments of Japan, the United States, and Norway. 
Since its inception, the Governments of Canada and Australia, and Asea Brown Boveri (ABB) of 
Switzerland, a private sector entity, have joined the program as sponsors. 

EXPERIMENTAL PROGRAM 

The experimental program has been described previously by Masutani & Nihous (1999), and 
Masutani (2000). Under the cooperative agreement, three separate field experiments will be 
conducted in the following sequence: ( I )  short-term tests of direct release of pure CO2 at a depth 
of about 800 m at an open ocean site; (2) longer duration experiments to evaluate acute and 
chronic biological impacts; and (3) operation of an ocean sequestration test facility over several 
years to obtain extended-term operational data. Work on the first phase (short-term) field 
experiment officially was initiated following the signing of the cooperative agreement in 
December 1997 and will continue through the spring of 2002. 

Liquid C 0 2  released in the deep ocean is hydrodynamically unstable and will break up into a 
dispersed droplet phase. Within the depth regime that is accessible using existing pipeline 
technologies (say, S 1,500 m), the C02 droplets are buoyant and will rise as a plume through the 
density-stratified water column. A thin, solid hydrate phase may form on the droplet surface 
that impedes, but does not prevent dissolution (Aya & Yamane, 1992; Teng e? ai., 1995; Hirai et 
ai., 1995). Sea water will be entrained into the rising droplet plume and transported upward to 
depths where the ambient water is less dense. Dissolution of C 0 2  increases the density of the 
sea water in the plume. At various points in its ascent, heavy, Cq-enriched sea water peels 
away from the plume and subsides to a level of neutral buoyancy (Liro et al., 1992). This COz- 
enriched sea water subsequently is diluted and dispersed by ocean turbulence and currents. 

n e  complex dynamics of the droplet plume in the stratified deep ocean, the effects of hydrates, 
and dilution and dispersion of C02-enriched sea water must be understood in order to address the 
issues of marine environmental impacts and the effectiveness of sequestration. Models currently 
=e not capable of simulating the behavior of the C02 effluent with an acceptable level of 
confidence, and the fundamental physics of the process are not completely understood. 

During the first field experiment, data will be obtained on changes induced in sea water chemistry 
by the release of pure C02. A preliminary sampling of biota and a study of the effects of the 
discbarged C02  on naturally occurring bacteria populations also are planned. The specific 
objectives are: 

1. investigate C 0 2  droplet plume dynamics through qualitative flow visualization (using mobile 
video cameras) and quantitative measurements of velocity and pH in the plume and on its 

2. clarify the effects of hydrates on droplet dissolution through visualization of the droplet 
phase and measurements of the vertical extent of droplet rise using scalar indicators (either 
pH or other added tracers); 

margins; 
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3. trace the evolution of COz-enriched sea water that peels from the plume by mapping the 
velocity and relevant scalar (e.g., pH or dissolved inorganic carbon) fields; and 

4. assess potential impacts on marine biota by quantifying variations in bacterial biomass, 
production, and growth efficiency associated with induced changes in seawater pH. 

Experiments are scheduled for the summer of the year 2001 at a facility on the west coast of the 
island of Hawaii. A series of tests with combined duration of about 40 hours will be conducted 
over two weeks. During these tests, pure liquid COz will be pumped from refrigerated storage 
tanks installed on a ship to a depth of about 800 m through a small suspended conduit (3 to 6 
mm id.). The liquid COz will be discharged through different injectors installed at the end of the 
conduit. The discharge rate will be varied between 0.1 kg/s and 1 kg/s. A range of C02  discharge 
conditions (Le., mass flow rate; injection velocity; droplet size) will be examined. 

Data will be collected employing both fixed and mobile diagnostics. A video system mounted on 
an ROV (remotely-operated vehicle) will provide flow images of the C02 droplet plume. pH 
sensors and acoustic current profilers will be moored on the sea floor along with the ROV 
transponders to monitor ambient conditions. Detailed mapping of the scalar and velocity fields 
will be performed utilizing ROV-mounted instruments that will include conventional salinity, 
temperature, and pH probes. The ROV will collect data along a three dimensional survey path 
through the droplet plume and the region of COZ-enriched sea water generated by the discharge. 
Water and sediment samples will be collected for chemical and biological analysis and CTD casts 
will be performed to supplement the data obtained with the moored arrays and ROV. 

RESULTS 

To support the planning and design of the 2001 field experiment, oceanographic surveys and 
modeling and laboratory studies are being conducted. A brief overview of this work is provided 
in this seation. 

An oceanographic survey of the experimental site off the west coast of the island of Hawaii was 
conducted during the first week of August 1999. A second survey is scheduled for October 
2000. Data has been obtained that: ( I )  documents the background currents and sea water 
chemistry and density, and quantifies spatial and temporal variations of these quantities; (2) 
characterizes ambient bacterial production rates and their response to pH variations; and (3) 
characterizes the local benthic communities. During the survey, the performance of three 
methods to measure pH-a conventional glass electrode on the CTD; a novel IS-FET (ion specific 
field effect transistor) instrument; and shipboard photometric analysis of sea water 
samples-were compared and evaluated. Accurate and reliable measurements will be critical 
during the 2001 field experiment, since pH is a primary indicator of the released C02. Selected 
results from the 1999 oceanographic survey have been posted on the project website 
(http://www.co2experiment.org). 

Laboratory experiments are being conducted to evaluate injectors and to address concerns related 
to flow instabilities, flow rate control, and hydrate blockage. Tests are being performed in 
pressure facilities at the Southwest Research Institute and the University of Hawaii (UH). 
Figures 1 and 2 present representative video frames obtained in a series of experiments at UH in 
which liquid COz was pumped into a large pressure vessel to assess the performance of a 
multiple orifice prototype injector and to investigate hydrate blockage phenomena. 

Figure 1 C02 injection into a laboratory pressure vessel. The frames show injection at 
different flow rates through and injector consisting of seven 2 mm diameter ASME 
sharp-edged orifices; water pressure = 56 bar; water temperature = 2'C. 
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Figure 2 Liquid C02  and water flow through a clear nozzle used to investigate hydrate 
blockage; water pressure = 56 bar; water temperature = 3°C. 

Estimates of the height of the droplet plumes and changes in the pH and dissolved C02 fields 
induced by the injection of liquid C02 during the experiment are needed to optimize the test plan 
and instrumentation; and for the Environmental Assessment report and permit applications. 
Several modeling activities have been pursued by the project team. The most sophisticated 
supercomputer model produces time-dependent spatial distributions of pH and dissolved and 
undissolved CO2 concentrations for user-specified injection scenarios (Alendal et al., 1998). 
Figure 3 presents one set of results for the Hawaii experiment site when liquid CO2 is injected at 
790 m at a rate of 1 kg/s in a 5 cm/s cross current. It is assumed that the injector produces a 
monodispersion of 14 mm diameter droplets. The mass transfer coefficient used in these 
simulations approximates the dissolution of liquid C02 droplets covered with a hydrate film. 
The results imply that the droplet plume will rise less than 150 m before dissolving completely. 
The lowest pH detected by the simulation for this case was about 6.1 (ambient pH = 7.5). 

SUMMARY 

A research program to investigate the feasibility of sequestering C02 in the deep ocean as a 
means to reduce the build-up of greenhouse gases in the atmosphere was initiated through an 
international cooperative agreement signed in December 1997. The program is funded by 
agencies of the Governments of Japan, the United States, Norway, Canada, and Australia; and 
Asca Brown Boveri. The program consists of a series of three separate field experiments of 
increasing magnitude and duration. The first field experiment will be conducted in Hawaii during 
the summer of 2001. Quantitative data will be obtained on the dissolution and transport of pure 
COz released at a depth of about 800 m. 

To support the planning and design of the field experiment, oceanographic surveys of the site, 
modeling studies, and laboratory experiments are being pursued. The modeling results suggest 
that, at the maximum test injection rate of 1 kg/s, a plume comprising relatively large 14 mm 
diameter droplets will rise less than 150 m before dissolving completely. The lowest pH 
detected by the simulation for this case was about 6.1 (ambient pH = 7.5). Laboratory studies 
indicate that a wide range of C02 droplet sizes can be generated through appropriate design and 
operation of the injector. Droplet size is a principal factor that determines the extent of the 
affected water volume and the magnitude of induced changes to sea water chemistry, Tests also 
are being performed to assess the potential of hydrate blockage and to devise strategies to avoid 
this problem. 
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Figure 3 Supercomputer model predictions of pH distributions at different times after the start 
of injection; ambient pH is 7.5. 14 mm droplets of CO2 are injected continuously at 1 
kg/s at 790 m; mass transfer is assumed to be inhibited by a hydrate film. 
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INTRODUCTION 

The rising atmospheric levels of pnhouse  gases, primarily COz, due to the production and use 
of energy is a topic of global concern. Stabilization may require measures other than fuel 
switching to lower carbon energy sources, increased use of renewable energy, and improvements 
in efficiencies. A new way of potentially limiting atmospheric increases of C q  while 
maintaining energy diversity is carbon sequestration which entails the capture and non- 
atmospheric storage of the carbon emitted h m  energy production and use. A recent report 
describes the key areas of research and development presently viewed as necessary to understand 
the potential of carbon sequestration for managing carbon emissions (1). 

One potential storage option is to directly introduce C02 into the ocean at depths greater than 
about 500 m (l,2). Part of the carbon sequestration research program at the National Energy 
Technology Laboratory (NETL,) of the U.S. Department of Energy has involved work in this area 
(3,4). This work has focused primarily on the impact on this storage option of the possible 
formation of the icelike COz clathrate hydrate (Cot . nHz0; 6<nQI; referred to hereafter simply 
as hydrate) as either discreet particles or as coatings on drops of liquid C02. All of this prior 
work was performed in a small (less than 40 cm’) pressure vessel. While u s e l l  data on the 
formation, dissolution, and relative density of the hydrate were obtained, realistic simulation of 
the oceanic environment was not possible owing to contact of the species of interest with foreign 
(glass, stainless steel) materials in such a vessel. These foreign materials can influence hydrate 
formation and dissolution by acting as nucleation sites and providing unnatural heat transfer 
characteristics, both important factors in crystallization processes. 

To attempt to overcome these l i ta t ions and provide a more realistic simulation of the deep 
ocean environment, a High-pressure Water Tunnel Facility (HWTF) is being constructed that 
will permit experimental observations on objects such as C02 drops, hydrate particles or hydrate- 
covered C q  drops to be made without contact with materials other than seawater. The HWTF 
will permit the observation of buoyant objects in a windowed test section throughft$e use of a 
countercurrent flow of water and special design features that provide for d a l  and axial 
stabilization. This paper describes the status of the experimental and theoretical efforts 
associated with the development of the HWTF. 

DISCUSSION 

In 198 1, Maini and Bishnoi published work on the development of a high-pressure water tunnel 
to study hydrate formation on fkely suspended natural gas bubbles in a simulated deep ocean 
environment (5). Their design considerations formed a starting point for the work at NETL on 
ocean sequestration of COz. As summarized in their paper, the hydrodynamic conditions 
necessary for holding an object in free suspension in such a device consist of: 1) the drag on the 
object should be qual to the fonx of buoyancy; 2) the axial velocity of the liquid should 
gradually increase with height to provide stability against vertical displacement; 3) the velocity 
distribution over a cross section of the liquid column should be axially symmetric with a local 
minimum at the center to provide stability against lateral displacement; and 4) the flow should be 
fke of large-scale turbulence. To achieve the desired velocity profiles, an observation section 
with a tapered inner diameter and various flow conditioning devices inserted above and possibly 
below this section can be used. 

A simplified schematic drawing of a water tunnel device is shown in Figure 1 (only inner 
diameters are shown). This device is placed in a flow loop that provides for recirculation of 
water through the system. For a positively buoyant object, the flow of water or seawater enters 
the top of the water tunnel and passes through a stilling section (not shown in Figure 1). At the 
end of the stilling section, a flow conditioning element is placed to provide the velocity profile 
required for radial stabilization of the buoyant object in the test section h e d i a t e l y  below it. 
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Figure 1. Schematic diagram 
of a water tunnel device 
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The top flow conditioning element shown in Figure 1 
represents a bundle of small tubes of different length. 
Various other contigurations are possible. Increasing the 
length of the tubes in the center results in more head loss in 
this region and results in flow redistribution with the desired 
local velocity minimum in the center of the water tunnel. 
The diameter of the test section increases from top to bottom 
(x2 > XI) which provides the downstream axial velocity drop 
required for axial stabilization. At the exit of the test 
section, another flow conditioning element may be used. In 
Figure 1, this lower element depicts another possible tube 
bundle shape that could be used. A final stilling section is 
located after the test section (again not shown in Figure 1). 
Design variables affecting the velocity profile in the test 
section include the geometries of the conditioning elements 
and the divergent test section. 

Both experimental and theoretical work is in progress at 
NETL to determine the required design parameters needed 
for stabilization of CO2 in a HWTF over the range of 
anticipated ocean injection conditions. A Law-Pressure 
Water Tunnel Facility (LWTF) of similar internal 
dimensions (XI = 5.08 cm, x2 = 6.35cm) has been built to test 
various designs and provide information for the theoretical 
treatment of this problem. It consists of the water tunnel 
which is constructed of plexiglass pipe, a 5.08 cm ID flow 
loop of PVC plastic pipe, and a variable-speed centrifugal 
pump for water circulation. An ultrasonic flow sensing 
system is used to measure the total flow rate in the loop. An 
S - s W  pitot tube was fabricated and calibrated at NETL 
for &&on through ports in the test section and is 

automatically moved across the section's diameter to obtain information related to local 
velocities. A computer-controlled positioning system translates the pitot tube across the test 
section and obtains the measurements needed to determine a velocity profile at this point in the 
system. 

An example of velocity profile data obtained in this manner over a range of flow rates is shown 
in Figure 2. Only an upstream flow conditioning element similar to the top one in Figure 1 was 
used to create the velocity profiles shown in Figure 2. 

A +-- Velocity Well-+ 

0 4 . .  . . . . . . . J 
-25 -20 -15 -10 -5 0 5 10 15 20 25 

Radial Position, mrn 
Figure 2. Velocity profiles obtained in LWTF test section using a pitot tube inserted 7.5 cm 
below the flow conditioning element. Each curve was obtained at a different total flow rate 
(average flow in cm3/s shown in parentheses). Radial position is measured h m  the center of 
the test section. 
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Figure 3 shows an air bubble stabilized in the test 
section of the LWTF. Similar stability was also 
achieved using plastic spheres of varying size and 
density. A single flow conditioning element similar 
to the one shown in Figure 1 at the top of the test 
section was used. It consisted of a tube bundle 
containing longer tubes in the center. 

Defmition Dimensions (MLT) 
Effective Diameter L 
Free Stream Velocity UT 
Liquid Density (water) M/L3 
Density Differential (PI- pp) M/L3 
Viscosity of Liquid M/cLT) 
Surface Tension m= 

Viscous Forces 
Buoyancy Forces 
Surface Tension Forces 
Inertial Effects 

1 Effective Forces I Characteristic Magnihldes 1 
N U D ~  

Y 4 
P I U ~ D , ~  

AP g De’ 

811 



Non-dim. 
Variable Name 

Ca Capillary Number 
Eo Eotvos Number 
We Weber Number 
WP Inertial Buoyancy Parameter 
c g  Viscous Buoyancy Parameter 
Mo Morton Number 

Re Reynolds Number 

Reference 7 considers shape regimes for fluid .particles as a function of Re and Eo numbers. 
There exist two limiting cases where the analysis can be significantly simplified: 

Case 1. Small Re and Eo numbers, under which the fluid particle has an almost spherical 
shape. Often, this regime is realized for very small particles (<0.5mm in diameter), or for 
the slow motion of the fluid particle caused by a very small buoyant force (small 
difference in density). In this case the terminal velocity of the fluid particle can be 
expressed (9,lO) as: 

Ratio of Physieal 
Phenomena Defmition 

Viscous/surface tension pI U / y 
Buoyancy/surface tension (Ap g Dez) / y 

Inertidsurface tension ( p ~  U' D, ) / y 
Inertialhuo yancy (PI U%AP g D J  
Viscouslbuoyancy (PI W A P  g D:) 

Inertidviscous PI U De / PI 

(AP B PI 9 / (PI r') 

(constant K spans h m  12 to 36 in different theories and is believed to depend on surface 
active impurities in the liquid). 

Case 2. Large Re and Eo numbers, under which the fluid particle has a spherical cap 
shape with a well determined front boundary and an unstable, wavy rear boundary caused 
by the wake behind the fluid particle. Often, this regime is realized for large bubbles (> 2 
cm3 volume), when inertial effects dominate viscous effects and surface tension. Then, 
the terminal velocity of the fluid particle can be expressed (7) as: 

where R is radius of cwature of the fluid particle at the stagnation point 

For intermediate values of Re and Eo, different kinds of transitional regimes occur which are 
essentially unstable. Therefore, it would be beneficial to design experiments corresponding to 
one of the limiting cases outlined above. 

The liquid COz particle/seawater system is expected to exhibit Case 1 behavior since the 
densities of seawater and COz are not that different under anticipated direct ocean injection 
conditions. Owing to its greater compressibility, at depths greater than about 2700 m, liquid C02 
can even be more dense tba! seawater. Sphericity of the fluid particle can significantly simplify 
both the theoretical analysis and experimental observations. Past experimental works show that 
for a small Re number, fluid particles of almost spherical shape exhibit a rectilinear motion. As 
the Reynolds number is increased, the wake behind the particle begins to oscillate and further 
increases in Reynolds number lead to periodic shedding of the vortices (9). Absence of lateral 
oscillations and significant wakes behind the fluid particle at low Reynolds numbers makes this 
regime very attractive for initial experiments involving hydrate formation. Hence, it would be 
useful to determine the optimum size of the fluid particle, small enough to be in the spherical 
regime, but big enough for meaningful ob.jervations. P r e l i i  nondmensional analysis 
shows that at the depths of about 2400-3000 m, a C q  fluid particle of I-cm diameter should be 
close to spherical. When the optimum size of the fluid particle is determined, optimum flow 
conditioning elements for this particular size can be developed. 

The KWTF has been designed to permit investigation of other species, such as other flue gas 
components (Nz, 02, S a )  and natural gas components, which may have properties quite 
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different than those of C q .  In these cases, behavior more like Case 2 may be encountered. The 
modeling work will eventually be extended to develop flow conditioning elements for such 
Systems. 

In conjunction with the measurements beiig made using the L w ,  a preliminary simplified 
analytical evaluation of the flow conditioning system used in LWTF has been completed. This 
evaluation provides an approximation for the velocity distribution immediately downstream of 
the flow conditioner due to different resistances across the tube bundle system. Having a data 
base of different profiles corresponding to different flow conditioners will permit the appropriate 
design of the flow conditioner to be selected to meet the desirable velocity profile for fluid 
dele stabilization. It will then be used to guide the design of the flow conditioning elements 
for the HWTF. 

In order to avoid the assumptions inherent in the simplified analytical evaluation, full three- 
dimensional finite element analysis (FEA) of the flow through the conditioning element will be 
performed. This numerical approach enables both a more accurate model of the actual element 
geometry and the exploration of the velocity profile degeneration downstream of the 
conditioning element. 

The numerical domain will include a straight section upstream of the spoiler, the spoiler system, 
and the diverginglconverging test section downstream of the spoiler. The straight upstream 
section is included since the velocity profile immediately upstream of the flow conditioning 
element is not known a priori. This length of the upstream section is made long enough to 
approximate fully developed inlet conditions. If wcessaty, the actual inlet geometry of the 
experimental device can be included. From this tbree dimensional analysis, velocity profiles 
throughout the test chamber can be obtained. 

The theorqtical analyses described above is a sizeable aualytical and nurnmkd challenge. This 
work is not only necessary for the design optimization of the flow conditioning elements and 
internal geometry of the HWTF for C q  ocean sequestration research, but will also be useful in 
utilizing the device in applications involving different fluids. 
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ABSTRACT 

Progressive Gas Lift Advanced Dissolution @‘-GLAD) system has been newly developed to 
mitigate the global warming. The system dissolves low-purity COz gas in seawater at shallow 
portions and sequestrates C@ at the deep ocean. The system is an inverseJ pipelie set in the 
ocean between 200 and 3000111 in depth. Usual methods of deepsea sequestration such as 
storage of liquid C02 at the deep-sea floor and deep-sea releasing of liquid C02 consume huge 
amount of energy, because these need high-purity capture and liquefaction of COz. To realize 
deep-sea sequestration with low energy consumption and low environmental impact we utilize a 
gas-lift effect to dissolve low-purity COz into seawater and transport COz solution to a great 
depth. The present paper describes basic characteristics and performance of the system for low- 
purity C@ gases. We also discuss cost estimate including a system for capture of C 0 2  gas and 
construction of P-GLAD. 

INTRODUCI‘ION 

The global warming mainly due to the increase of atmospheric C02 concentration is getting 
Setious. A countmeasure that can economically and effectively treat huge amount of C@ 
(23GtC/year) emitted by human activities should be developed. Ocean sequestration of C02 is a 
hopeful option to mitigate the increase in the atmospheric C02 concenttation, because the ocean 
has been absorbing and sequestrating CQ through the history of the earth, and the absotption 
capacity is enormous poffert, 19791. Several ideas of ocean disposal of C02 have been 
proposed. They an categorized as follows: a) storage of liquid C02 on the deep-sea floor deeper 
than about 3ooOm, in the idea C02 is stored on the deep sea flow as CO, ponds covered with 
C@ gas hydrate [Ohsumi, 19931; b) direct release of liquid C@ into the intermediate depth 
water of IOOO-300h Pko, 1992J; c) direct release of gaseous C@ into shallow water and use of 
gravity current @tugan, 19921, the idea is direct release of gaseous COz into the seawater at a 
depth of 200-40Om and expecting sink of CQ-rich seawater to the deep-sea by the density 
difference between the solution and ambient seawater. 
Long term isolation, more than several hundreds years, of C@ fiom the atmosphere is expected 
in the methods a) and b), because the initial injection point is in intermediate or deep water. 
Though deeper initial injection assures longer-term isolation, these hwo methods need high-purity 
capture and separation, and liquefaction of C q .  Higher-purity separation of C@ from exhausted 
gas consumes larger energy. They inevitably consume huge amount of extra energy in these 
preprocessing. The deep initial injection brings the deep ocean secondary environmental impact, 
namely acidity by dense C02 solution. Since the method c) need no liquefaction, it improves an 
amount of energy consumption. Density andor temperatwe layers in the ocean, which grow in 
middle and low latitude ana, prevent sinking of CQ solution to a great depth. In this case, long- 
term isolation is no longer expected. 
A method of the ocean sequestration has to isolate huge amount of C@ h m  the atmosphere for 
long term, several hundreds or thousand years, with low cost, low energy consumption and low 
environmental impact. To realize this, the preprocessing should be low-purity separation and no 
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liquefaction; besides the disposal method should be able to deal with low-purity C q  gas. We 
have been improving GLAD system, which is an ocean sequestration system for pure c 9  gas 
using gas lift effect [Saito, 1996; Saito 1997; Saito, 2000; Kajishima, 1995; Kajishima, 19971. 
we have developed P-GLAD (Progressive Gas Lift Advanced Dissolution, See Fig.1) system 
[SaitO, 1999% b] for low-purity C02 gas. In the present paper, we discuss performance, cost 
estimate and environmental receptivity of P-GLAD by experimental and numerical simulation. 
First, we describe experimental results on solubility and pumping performance of the system. 
Second, essence of numerical method is explained. Agreement of numerical results with 
experimental ones is discussed. Third, acidity of the solution released from the system is 
discussed. Finally, based on these discussions cost estimate for P-GLAD and comparison of the 
cost with usual method are performed. 

EXPERIMENT 

Experimental setup used in the present investigation, a laboratory-scale P-GLAD system, is 
illustrated in Fig. 2. The riser pipe (1) and the downcomer (2) are made of acrylic transparent 
pipes of 25mm in diameter and 7.69111 in height The riser is c o ~ e c t e d  to two pressure vessels 
(4) made of stainless pipe of 106.3mm in diameter and 8.19~1 in height. The downcomer is 
placed inside the vessel. The top of the riser is equipped with an indissoluble gas-releasing 
device (3), which releases indissoluble gases of N2 and 0 2 .  Low-purity COz gas, mixture. of pure 
C02 gas (99.9% purity) and pure air (Coilppm, C@<lppm and C&<lppm) well mixed in a 
gas-mixing accumulator (IO), is injected into the riser through a gas injector (5).  The gas-injector 
has an annular structure; the inner pipe of acrylic resin with 25mm in diameter is equipped with 
108 small capillaries of 0.78mm in diameter; outer pipe is made of stainless steel of 106.3mm in 
diameter. 
Tap water is supplied at the top of each pressure vessel after filtration by a l p  filter. Our 
experiments were performed under overflowing condition. The temperatures of the supplied 
water and the gas-liquid mixtures were between 287 and 290K. 

MESUREMENT 

Superticial velocity of the liquid phase JL was measured using an electromagnetic flowmeter (A), 
the temperature and static pressure in the riser using therm0 couples (B) and pressure transducers 
(C), respectively. We measured and controlled mass flow rate of each gas, QCOZ and QMR using 
mass flow controllers (E) and Q. 
Performance of solubility of the laboratory-scale P-GLAD is calculated from C02 molar 
concentration of the gas phase in the riser [Saito, 1999aI. First, we visualized and recorded the 
bubbly flows in the riser using two sets of high-speed video systems of 500 tiameds and 
stroboscopes of l o p  of flushing rate (C). Second, we analyzed the images by digital image 
processing. Third, bubble characteristics such as volume, surface. area, location and velocity were 
calculated from the pmcessing results. Finally, the molar concentration and solubility were 
calculated from the above characterization of bubbles. 

(1) Riser pipe 
(2) Downcomer 
(3) Indissoluble gas releasing 
system 
(4) Float, (5) Gas pipeline 
(6) Compressor 
(7) Fired power plant 
(8) Control valves 
(9) Accumulator 
(a) Low-purity CO, gas 
(b) Ambient seawater 
(c) C0,-rich seawater 
L, = 300 to 400111 

= 280 to 380m, 
= 200 to 30Om, L4 = 100 to 

Ls = 1000 to 3000111 
The main part of the P-GLAD system is an inverse-J pipeline (1) and'(2), and an 
indissoluble gas releasing system (3). The low-purity C@ gas (a) is injected into the riser 
pipe (1) at a depth between 200 and 400m. An upward current occurs in the pipe by a 
gas-lift effect. CO2 included in the bubbles dissolves into seawater while the bubbles rise 
in the riser. Ambient seawater (b) is flowing at the bottom of the riser. Indissoluble gas of 
N2 is released at the top of the riser by an indissoluble gas releasing system (3). The 
downcomer (2) is used as a hansportation pass of the Cq-rich seawater (c) to a great 
depth between 1000 and 3000111. An additional downward current is generated in the 
downcomer owing to the density difference between the C9-rich and ambient seawater. 
Thus, the bubble dissolution and the transportation of C9-rich seawater to great depths 
are enhanced in the P-GLAD system by the gas lift effect. 

Fig. 1 Concept and principle of the P-GLAD system 
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(1) Dissolution pipe 
(2) Drainpipe 
(3) Indissoluble gas releasing device 
(4) Pressure vessels 
( 5 )  Gas injector 
(6) Observing windows 
(7) Camera lifter 
(8) CO2-gas cylinder 
(9) Pure-air cylinder 
(10) Gas mixing accumulator 

(A) Electromagnetic flowmeter 
(B) Thermo couplers 
(C) Pressure transducers 
(D) High-speed video systems 8c strobes 
(E) & (F) Mass flow controller 

Fig. 2 Experimental setup 

NUMERICAL SIMULATION 

The Lagrange method was applied for the each bubbles, and the Euler method for the liquid 
phase. Conservation lows of mass and momentum for each phase were employed. Trapp C 
Mortensen scheme was used in our computation [Trapp, 19931. In the present investigation, 
applying the Lagrange method mass conservation low of dispersed gas phase is expressed as 
following equation. 

where kL represents the mass transfer coefficient, V,(= 4mj /3) the bubble volume, A,(= 4m;)the 
surface area, and rp the equivalent diameter of bubble. Density of gas phase A is calculated h m  
the ideal gas equation. C, is the molar concentration of COz on the bubble surface and defined as 
saturated concentration of C@ calculated from Henry's low. C is the molar concentration of COz 
in the solution, estimated by the equation of convective diffusion. 

d C  d C  d'C 
d t  d x  dx' ' - + J ,  - =D, - + q 

0 : Qcr= 2 . 5 8 ~  IO.'kg/s 

I I I I 
0 2 4 6 8 

0.6 ' 
x (m) 

Fig. 3 Axial profiles of dissolution ratio in the riser. Q G ~  = Qco2 + Q A , ~  

3- s 0.1 1 ,  ,r, , I  
0 

0 1 2 3 4 5 
Q G r x  lo5 t W s 1  

Fig. 4 Superficial velocity of liquid phase in the riser as a function of gas injection rate. 
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Fig. 5 Acidity of COZ solution discharged fiom the laboratory P-GLAD. 
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Fig. 6 Computational results on COz concentration in solution compared with experimental 
ones. 

q8 represents the rate of dissolution, JI [ = (1 - rr)u,] the superficial velocity of liquid phase, a the 
void fraction, uf the velocity of liquid phase. Dr is the turbulent diffusion coefficient calculated 
from liquid phase flow of Reynolds number J I  Dlvusing k-E model, where v is kinematic 
viscosity. 

EXPERIMENTAL AND COMPUTATIONAL RESULTS 

Defining COz gas dissolution ratio as RD = QCOZ, AQcm. the axial profile is plotted in Fig. 3, 
where QCOZ, du represents the mass of C02 dissolved in liquid phase, and QCOZ the mass of C02 
included in injected gas. RD rapidly increases for z < 3 m, and most of the COz gas injected 
dissolves into the water phase in the section. The maximum values of RD are 0.979, 0.955 and 
0.964. P-GLAD shows satisfactory performance of COz gas dissolution. 
Superficial velocity of liquid phase JL, namely lifted water velocity, is shown in Fig. 4 as a 
function of gas injection rate QGT. JL gradually increases with increase in Qm before 3~10-~kg/s. 
After the value, JL is almost saturated. In higher gas injection rate, it was observed that 
indissoluble gas remained at the top of the riser. As a result, saturation of JL occurs owing to 
increase in fiction loss there. 
Acidity of COz solution discharged from laboratory-scale P-GLAD is plotted in Fig. 5 as a 
function of gas injection rate. The acidity increases with increase in gas injection rate. The value 
of pH is in the range between 5.5 and 6.5 in the present investigation. The acidity is moderate. 
Besides the acidity is controllable by adjusting the gas injection rate. 
Figure 6 shows computational results on COz concentration in solution and comparison of them 
with those of the experiment. Computational results show a good agreement with the 
experimental ones. Therefore, our numerical modeling and computational scheme is reasonable. 

COST ESTIMATE 

Before cost estimate, we canied out experiments using a large-diameter-pipe loop (150mm in 
diameter). Large-scale structure and turbulence mechanism of bubbly flows in a large diameter 
pipe were obtained [Mudde & Saito, 20001. We performed cost estimate of P-GLAD for 
1 ,OOOMW fved power plant listed in Table 1 on the basis of above experimental and numerical 
results. Gas transportation plant, COz capture and separation plant, and dimension of P-GLAD 
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Table 1 Dimension of fired power plant. Table 2 Gas transportation plant. 

, Generating capacity 1,OOOMW 
Location Seaside 
, Rate of CO2 discbarge lOOkg/s (36Otods) 

Table 3 C02 capture and separation plant 

Adsorption material for CO2 
Adsorption material for water 1 Activated aluminum + Zeorite 

Table 4 Dimension of P-GLAD. 

4 Table 5 Cost estimate of P-GLAD and comparison of the cost with that of 
a usual method (direct release of liquid COz). 

12 12 
Tntal /;Q . 136 

are listed in Table 2 to Table 4, respectively. We estimated a total cost of the ocean sequestration 
by P-GLAD considering construction, operation, labor cost (in Japan), land cost (in Japan), tax 
(in Japan), interest and a price reduction. The result is summarized in Table 5. 
Total cost of P-GLAD is a half of that of a usual method. Economical feasibility of P-GLAD is 
very higher than that of a usual method such as direct release. of liquid CO2 into intermediate 
depth water. 

CQNCULSIQN 
We discussed performance and characteristics of P-GLAD (Progressive Gas Lift Advanced 
Dissolution system) experimentally and numerically. We obtained P-GLAD has satisfactory 
performance as an ocean sequestration system of low-purity CO2 gas. On the basis of these 
results, we performed cost estimate of a total system of P-GLAD. P-GLAD showed highly 
economical feasibility. 
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This paper will discuss an approach in research for more effective conversion and comprehensive 
(fuel and non-fuel) utilization of coal for making specialty organic chemicals, carbon-based materials 
and advanced thermally stable jet fuels. It also discusses shape-selective synthesis of specialty 
chemicals and polymer materials from coalderived liquids. 

1. INTRODUCTION 
This article is a selective overview for recent research in our laboratory that was designed for more 
effective conversion and comprehensive utilization of coal for making specialty organic chemicals. 
carbon-based materials and advanced thermally stable jet fuels. We are taking an integrated approach 
for both non-fuel and fuel uses that make effective uses of the unique structural features of coals. 
The non-fuel uses of coal has been discussed at length in our previous reviews that were written in 
response to the invitations by the late Prof. Frank Derbyshire [Song and Schobert, 1993, 19961. 

2. SPECIALTY CHEMICALS 
Coalderived liquids contain various I-ring to 4-ring aromatic structures. Many of the 2-4 ring 
structures are not readily available from petroleum, and thus the coal tars are still the major sources of 
the 2- to 4-ring aromatic chemicals in the world today. Our attention on chemicals has focused on 
shape-selective catalytic synthesis of value-added chemicals from polycyclic aromatic compounds 
that are rich in coal liquids and some refinery streams. As outlined in recent reviews [Song, 1998, 
19991, we are studying ring-shift isomerization of phenanthrene derivatives to anthracene derivatives, 
shape-selective alkylation of naphthalene, shape-selective alkylation of biphenyl, conformational 
Isomerization of cisdecahydronaphthalene, and shape-selective hydrogenation of naphthalene, and 
regic-selective hydrogenation of hetero-aromatic compounds, as described below. 

Ringshift Isomerization. Phenanthrene and its derivatives are rich in various coal-derived 
liquids such as coal tars, but their industrial use is still very limited. On the other hand, anthracene and 
its derivatives have found wide industrial applications. We have found that some mordenite and ion- 
exchanged Y zeolite catalysts selectively promote the transformation of sym-octahydrophenanthrene 
(sym-OW) to sym-octahydroanthracene (sym-OHAn), which we call ring-shift isomerization, as 
shown in Scheme I. The selectivity and activity of the catalysts also depend on the reaction 
conditions. This reaction is in distinct contrast to the well-known ring-contraction isomerization 
which results in methylindane-type products. 

Scheme I 

< ABSTRACT 

I 

L , 

I 

I 

sym-OHP sym-OHAn 

Under mild conditions, some zeolites can afford over 90% selectivity to sym-OHAn with 50% 
conversion of sym-OW. This could provide a cheap route to anthracene and its derivatives, which 
are valuable chemicals in demand, from phenanthrene that is rich in liquids from coal. Possible uses 
of sym-OHAn include the manufacturing of anthracene (for dyestuffs), anthraquinone (pulping 
agent), and pyromellitic dianhydride (the monomer for polyimides such as Du Pont's Kapton). 

Shape-selective alkylation of naphthalene. Due to the demand for monomers for making 
the advanced polymer materials such as PEN and PBN, 2.6dialkyl substituted naphthalene (2,6- 
DAN) is needed now for making the monomers for PEN, PBN and LCPs. In tars or liquids derived 
from coal, naphthalene and its derivatives are major components. Shape-selective alkylation over 
molecular sieve catalysts can produce 2.6-DAN. There are ten possible DAN isomers (Scheme 11). 
The B,B-selective alkylation over molecular sieve catalysts can produce 2-alkylnaphthalene. 2.6,  2.7-, 
and 2,3-DAN [Frankel et al., 1986; Komatsu et al., 19941 

The key challenge is to obtain 2.6-DAN with high selectivity, which means increasing the ratio of 
2,6/2,7-DAN. Many reports have been published on synthesis of 2.6-DIF'N (diisopropylnaphthalene) 
[Katayama et al.. 1991; Moreau et al.. 19921 because isopropylation can give much higher selectivity 
to the 2,6-isomer than the methylation, and an excellent review has been published by Sugi and 
Kubota [1997]. The results from our laboratory showed that by using partially dealuminated 
mordenite catalysts, selective alkylation of naphthalene can be achieved with over 65% selectivity to 
2.6-DPN by using isopropanol with 2,6-DIF'N/2,7-DIPN ratio of about 3 or using propylene as the 
alkylating agent with 2.6-DIPN12.7-DIPN ratio of >2. We also found some simple and effective 
methods for enhancing the shape selectivity to 2.6-DIPN by using water and chemically dealuminated 
mordenite. 

* Comsponding author: Email: csong@psu.edu; Fax: 814-865-3248; Tel: 814-863-4466 
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Scheme I1 
P P P 

m + R-OH 1 J. 

2 - A N  2 , 6 - D A N  2 , l - D A N  2 , 3 - D A N  

Shape-selective Alkylation oi Biphenyl. Biphenyl and its derivatives are present in coal-derived 
liquids, although at concentrations lower than those of naphthalene derivatives. Shape-selective 
alkylation of biphenyl (Scheme 111) can produce 4,4'-dialkyl substituted biphenyl (4,4'-DAB), the 
starting material for monomer of some LCP materials represented by Xydar. Proton-form mordenite 
can be used as shape-selective catalyst for isopropylation of biphenyl. 

Lee et al. [I9891 first demonstrated the beneficial effect of dealumination for selective formation of 
44'- diisopropylbiphenyl (4.4'-DIPB). Sugi and coworkers have carried out a series of studies on 
biphenyl isopropylation over mordenites [Sugi and Kubota., 19971. They have reported on the 
influence of propylene pressure, effects of Si02/A1203 ratio of mordenites, on shape-selectivity and 
coke deposition, and impact of cerium exchange of sodium mordenite. It was shown in our report 
that dealurnination of some commercial mordenites by acid treatment f is t  increases then decreases 
their activity, but increases their selectivity toward 4,4'-DIPB in isopropylation with propylene. More 
recently, we have found that addition of water to dealuminated mordenite is a simple method to 
inhibit deactivation of the partially dealuminated mordenite catalysts without losing activity and 
selectivity. 

Scheme I11 

4,4'-D AB 3 , 4 ' - D A B  3,3'-DIPB 

Conformational Isomerization. Commercial decalins obtained from naphthalene 
hydrogenation are almost equimolar mixtures of cis-decalin and trans-decalin. In the course of 
studying sym-OHP isomerization using decalin as solvent, we accidentally found that cis-decalin 
isomerizes to transdecalin over ion-exchanged Y zeolite and mordenite catalysts at low temperatures 
(250°C). as shown in Scheme IV. This reaction would require a temperature of above 400°C in the 
absence of a catalyst. 

H H 

&=& Scheme IV 

/ I  I 

cis-DeHN mns-DeHN 

The catalytic reactions were mainly conducted at 200-250 "C for 0.15-8 h under an initial pressure of 
0.79 Mpa N2 or H2 using six catalysts: a hydrogen Y zeolite, a lanthanum ion-exchanged Y zeolite, a 
hydrogen mordenite. and three noble metal loaded mordenites. Pt- and Pd-loaded mordenites 
displayed the highest selectivity towards trans-DeHN (nearly 100%). with a trans-DeHNIcis-DeHN 
ratio of about 13 under H2 at 200°C. however, they are less effective under N2. Pre-reduction of 
-30A could improve its catalytic effectiveness in N2 atmosphere. 

By using mordenite-supported platinum or palladium catalysts, it is possible to achieve over 90% 
conversion with 95% selectivity at 200OC. trans-Decalin has substantially higher thermal stability at 
temperatures above 400°C. Possible applications of this process are high-temperature heat-transfer 
fluids and advanced thermally stable jet fuels, which can be used both as heat sinks and as fuels for 
high-Mach aircraft. 

Shape-Selective Hydrogenation of Naphthalene. Complete hydrogenation of 
naphthalene in conventional processes produces mixtures of cis- and trans-decalin. Our work on 
selective naphthalene hydrogenation is motivated from the accidental finding on zeolite-catalyzed 
isomerization of cisdecalin and from the need to tailor the formation of desired isomers from two- 
ring compounds. Our previous studies on naphthalene hydrogenation showed that certain catalysts 
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show higher selectivity towards cisdecalin or trans-decalin. More recently, we found that mordenite 
and Y Zeolite-supported pt and pd catalysts can selectively promote the formation of cisdecalin 01 
transdecalin, as shown in Scheme V. 

Scheme V 

Now we can produce cisdecalin, with over 80% selectivity (or over 80% trans-decalin) at 100% 
conversion by using some zeolite-supported catalysts at 200°C. cis-Decalin may have potential 
industrial application as the starting material for making sebacic acid. Sebacic acid can be used for 
manufacturing Nylon 6.10 and softeners. There is also an industrial need for selective production of 
tetralin, a hydrogendonor solvent, from naphthalene. Partial passivation of some zeolite-supported 
noble metal catalysts by sulfur can make them highly selective for the production of tetralin during 
metal-catalyzed hydrogenation of naphthalene at low temperatures. 

Regio-Selective Hydrogenation. More recently we have begun to explore regio-selective 
hydrogenation of heteroatom-containing aromatic compounds. Examples of such compounds are 1 - 
naphthol and quinoline shown in Scheme VI. Partial hydrogenation of I-naphthol can give 1.2.3.4- 
tetrahydro-I-naphthol (THNol-I) and 5,6,7,8-tetrahydro-l-naphthol (THNol-2). Under fuel 
hydrotreating conditions, hydrogenolysis of C-0 bond can also take place. It is of interest to see 
whether we can selectively produce THNol-1. We are conducting experimental work on regio- 
selective hydrogenation over various metal catalysts supported on zeolites, alumina and titania. As in 
the case of naphthalene hydrogenation described above, the type of metal and support were found to  
be important for achieving regio-selectivity (for example. to THNol-I) (Shao et al.. 2000). 
Similarly, for partial hydrogenation of quinoline, either 1,2,3.4-tetrahydroquionoline (THQ-1) or 
5,6,7,8-tetrahydrcquionoline (THQ-2) can be produced. It is interesting to clarify how can one of the 
two isomers be produced selectively under practically useful conditions for catalytic processing. The 
hydroaromatic products of regio-selective hydrogenation have some unique applications, e.g. as 
hydrogen donors or radical scavengers for stabilizing fuels at high temperatures [Andresen et al., 
1999; Venkatraman et al., 19981. 

Scheme VI 
(3H 

THNol-1 THNol-2 

THQ-1 THQ-2 

3. CARBON MATERIALS 
Since all coals are carbon-rich solids, they are potential starting materials for other, higher value 
materials via conversion to new carbon-based solids. It is now well known that various useful carbon- 
based materials and composite materials can be made from coals, coal tars, petroleum pitch, and coal 
liquids from liquefaction and coal pyrolysis, as shown in Table I [Song and Schobert, 19931. 

Table 1. List of Some Coal-Based Carbon Materials 
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Production of activated carbons from coals has been of interest for years. Excellent reviews. with 
abundant historical information. has been published by Derbyshire and colleagues [Derbyshire el al., 
1995; Derbyshire, 19981. Activated carbons are used mainly as adsorbents for liquid- and gas-phase 
applications. The amount of coals used worldwide for producing activated carbons is about 200.000 
tly [Golden, 19921, a significant fraction of the world's annual production of activated carbons, 
estimated to be. about 450,000 t from all feedstocks. Significant growth potential exists for this 
application, primarily for water and air purification. The liquid-phase applications of activated 
carbons produced from bituminous coals by chemical activation include water purification. 
decolorizing, food processing, and gold recovery; the gas-phase applications cover air purification, 
gas treatment, and solvent recovery [Jagtoyen et al.. 19931. Activated anthracites produced by air 
treatment prior to steam activation are microporous with a significant fraction of the pores having 
molecular dimensions [Gergova et al. .  19951. This suggests that molecular sieve materials could be 
produced from anthracites. 

Current graphite technology uses petroleum cokes as the filler material. Molded graphite articles have 
a wide range of applications, from high-tonnage uses as electrodes in electric arc furnaces, a $US22 
billion business in 1991 [Pierson, 19931. to specialty graphites for high-technology uses in chemical 
va or deposition and epitaxial deposition devices. Meta-anthracite, of very limited value 
(=&JS25/ton) because of its poor combustion performance. may be a superior filler for molded 
graphites, even better than the more conventional anthracites. For example, non-catalytic 
graphitization of meta-anthracite at 2400°C yields a product having a 0.3363 nm d-spacing 
[Morrison et 81.. 19961, compared with the 0.335 nm value of pure graphite. The value of meta- 
anthracite as a replacement for petroleum coke in graphite production would exceed its value as a 
fuel by about a factor of ten. 

The amount of coals used worldwide for producing molecular sieving carbons (MSC) is estimated to 
be 3.000 tonnedyear [Golden, 19921. The application MSC for gas separation by pressure-swing 
adsorption is now commercially viable. In the United States, MSC is used for air separation by Air 
Products and Chemicals Inc. It is likely that more companies will be engaged in producing MSC in 
the next century. 

Coal tar pitches are raw materials for carbon fibers and mesocarbon microbeads [Derbyshire et al.. 
19941. Liquids from coal extraction and liquefaction can be used for making carbon fibers and 
graphitic fnaterials 1e.g.. Zondlo et al.. 19931. Kimber and Gray [I9761 also noted potential 
advantages in using coal-based coke for making carbon electrodes. 

4. ADVANCED JET FUELS 
One commercially available route to make liquid fuels from coal is the well-known SASOL route 
incorporating coal gasification as the first step and the Fischer-Tropsch synthesis as the second step. 
The fuels from Fischer-Tropsch synthesis using either natural gas- or coal-derived syngas are good as 
diesel fuels. However, for jet fuel applications, there is an unique structural advantage of coal that can 
lead to superior fuels. There are some unique compositional advantages of coal-derived liquids for 
making jet fuels, with respect to the high-temperature thermal stability required for future supersonic 
and hypersonic jet aircraft. The USAF has established a long-term goal to develop advanced jet fuels 
called P-900 that are stable at high temperatures up to 900 "F (482 "C) [Edwards et al., 19971. 

lo  . 0 coalderived fuel 

0 4 8 12 16  

B Gas 
h Peboleum-derived fuel 

0 4 8 12 16  

Time (h) Time (h) 

Figure 1. Formation of solid deposit (A) and gases (B) from petroleum-derived JP-8P and coal- 
derived JP-SC jet fuels at 450°C for 0.5-16 h under nitrogen atmosphere (100 psi, cold). 

As can be seen from Figure 1, compared to conventional petroleum derived jet fuels, the coal-derived 
jet fuels display greater thermal stability at temperatures above 400 "C in the pyrolytic regime, in 
terms of much lower degree of decomposition and significantly less amount of solid deposit &ai et 
al., 1992; Song et al.. 19931. This is because coal-derived jet fuels are rich in cycloalkane and the 
aromatic compounds in coal-derived jet fuels can be dominated by hydroaromatic structures. 
Cycloalkanes are more stable than the n-alkanes with the same or less carbon number, and the 
stability of alkylated cycloalkanes decreases with increasing length or carbon number of the side 
chain [Lai and Song. 1996; Song and Lai, 19981. At temperatures above 4Oo0C, decomposition of  
long-chain paraffins in jet fuels is dominated by radical-chain reactions [Song et al., 1994al. 
Hydroaromatic compounds such as tetralin are hydrogen donors which can serve as radical 
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scavengers in pyrolytic reactions which inhibit the thermal decomposition of reactive hydrocarbons 
[Song et al., 1994b; Yoon et al., 19961. Studies on model paraffinic jet fuels in the absence and the 
Presence of added hydroaromatic compounds have also demonstrated that they are capable of 
suppressing the initial decomposition by retarding the radical reactions [Venkatraman et at., 1998; 
Andresen et at., 19991. 

Coal-derived JP-IC fuel and a model jet fuel that contains mainly cycloalkanes and about 10% 
tetratin has been shown to be thermally stable at temperatures up to 482°C or 900 "F [Strohm et al., 
19991. 

The coal-based thermally stable jet fuels can be. produced using liquids that are partially or wholly 
derived from coal, by one of the following strategies: (1) the use of by-product coal tars from coal 
carbonization or from coal gasification (pyrolysis); (2) the use of blends of coal tar distillates and 
Petroleum refinery streams, which would enlarge the pool of available feedstock; (3) the use of by- 
Product liquids from co-coking of coal and petroleum resids; and (4) the use of liquids from CO- 
Processing of coal and petroleum resids, which is a process alternative to the well-known direct 
liquefaction of coal. 

we must always keep in mind that coal is a valuable hydrocarbon source, that can have multiple and 
equally important uses for both non-fuel and fuel applications. As we move into the 21st century, 
coal may become more important both as an energy source and as the source of chemical feedstocks. 
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Abstract 
Hydrotreatment of crude liquid oil produced from South Banko coal (SBCL) was 

carried out using alumina and carbon supported NiMo catalysts to find advantages of carbon 
support for u p - m n g  coal liquid. Reactivity of representation sulfur, nitrogen and oxygen 
molecular species were measured to confirm the high activity of the catalyst against refractory 
species. NiMo supported on of ultrafiie particle carbon black (Ketjen B1ack:KB) with 
extremely large surface area was found an excellent support for hydrotreatment catalyst to show 
much higher activity for the hydrodesulfurization(HDS), hydrodenitrogenation(HDN) and 
hydrodeoxygenation() of coal liquid than that of a commercial NiMo/A1203 catalyst. 

Key words: coal liquids oil, hydrotreatment, carbon support catalyst 

Introduction 
As environmental protections become greater concern, it is very essential to treat 

hydrocarbons feed-stocks such as naphthas, middle distillate, gas oil, vacuum gas oil, vacuum 
resids, coal liquids to decrease the content of undesirable aromatic hetero atomic species. Noble 
metal catalysts, which are excellent for aromatics saturation, get fast poisoned by the sulfur and 
nitrogen compounds to lose their activity. 

The support to replace alumina is one of targets approaches for this purpose. Carbon has 
been remgNzed an interesting support to showing higher catalytic activity for the HDS of 
thiophene than alumina support [l]. Such high activity of carbon-supported HDS catalyst has 
been attributed to the inertness of the carbon support as compared to the conventional alumina 
support [I]. Carbon has the additional advantage over other support of a great flexibility in the 
modification of both the porosity and surface area. Daly et al [2] have shown that the types of 
carbons affected the distribution of active sulfides on their surface. Vissers et al. [3] found that 
increasing of carbon surface area results in increasing HDS activity because of the lower 
sintering trend of the active phase. Schmitt and Castellion [4] &o found that sulfides supported 
on carbon with larger mean pore size were more active for the HDS of gasoil. Drahoradova et al. 
[5] reported that NiMo on carbon showed higher hydrodenitrogenation activity and 
lower inhibition of HDS activity with thiophene/pyridine feeds than alumina-supported NiMo. 
Mochida et al [6], also notified that nickel molybdenum sulfide supported on carbon (Ketjen 
Black) was more active for the hydrogenation of 1-methylnaphthalene than NiMo supported on 
alumina. Furthermore, carbon-based catalysts can be less expensive than alumina. Combustible 
carbon facilitates metals recovery and reduced volume of disposal [7]. 

The present study prepared KB supporting nikel-molibdenum sulfide catalyst and 
applied to the hydrotreatment of SBCL which contained much more aromatic and hetero atom 
species such nitrogen, sulfur and oxygen sompounds. Its activity for hydrodesulfurization (HDS), 
hydrodenitrogenation (HDN) and hydrodeoxygenation @DO) was compared with those of a 
commercially available alumina catalyst to find the advantages of carbon support in the 
hydrotreatment of highly polar feed. 
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Experimental 
Feed 

The sample used were two different cutting point of SBCL (A: bp c 300 OC; B: bp 200 - 
350 "C) which was prepared at 450 OC, 15 Mpa using limonite catalyst in a BSU (Bench Scale 
Unit) pilot plant of Nippon Brown Cod Liquefaction Co. Ltd. and was supplied by Courtesy Of 
N J 3 0 .  Their properties are listed in Table 1. 
ca&t 

A commercially available NMo/ A1203 (NiO; 2 wto/o, Mo03; 10 &A), was used as a 
reference. Carbon supported Nih40 catalyst was prepared in the laboratory. Some properties of 

(Ketjen BlackKB EC 600JD) provided by Mitsubishi Chemical CO. are 
summarized in Table 2. Nickel and Molybdenum salt were impregnated simultaneously using 
Ni(Ac)2 and Mo02-AA in methanol. Ni(Ac)Z and MoO2-AA dissolved in methanol were mixed 
to the slurry KB methanol and were dispersed by ultrasonic for 40 min. The mixture was heated 
up to 40 OC for 120 min, followed by evaporation to remove solvent under reduced pressure. The 
catalyst precursor was then dried at 120 "C for 12 h in vacuum. It was presulfided in a 5 Yo of 
H2S/Hz  flow at 360 "C for 2 h prior to the reaction. 
Hvdrotreatment Drocedures 

. carbon black 

Hydrotreatment of South Banko coal liquid distillate was performed in a 50ml 
magnetically stirred autoclave. The ratio of catalyst to feed was 10 Mho, and 10 g of feed was 
used. Feed was charged in to the autoclave together with catalyst, and the autoclave was flush 
with nitrogen three times to replace air and was then filled with pure hydrogen. The initial 
pressure of hydrogen was 10 M a .  The reaction time was counted from the point when the 
reaction temperature was reached to the prescribed temperature. The hydrogenated product was 
collected from the autoclave with acetone. The liquid product was then separated from the 
catalyst by vacuum filtration. After removal of acetone, the hydrogenated product was analyzed 
by GC-AED to calculate. the extent of HDS, HDN and HDO. 

Results 
GC=AED chromatographs of SBCL (A) before and after hydrotreatment at 360 "C over 

NiMolAl203 catalyst are illustrated in Figure I - 3. Figure 1 shows high reactivity of sulfur 
species, which allowed them complete removal under this condition. Nitrogen exhibited the 
lower reactivity and still much reminded after the reaction as shown in Figure 2. Pyridines were 
the most reactive among nitrogen species. The nitrogen species left in the hydrotreated oil were 
found as anilines, methyl-, dimethyl, trimethyl-anilines, quinoline and indoles. The oxygen 
compounds were further less reactive than other heteroatoms species as shown in Figure 3. Most 
of phenols still remained after the hydrotreatment over NMo/A1203 catalyst at 360 "C. 
Dikmfuran appeared the most refractory species. 

Figure 4 & 5 illustrate both reactivities of SBCL (B) in the hydrotreatment at 360 "C 
over NMo/Al203 and NiMo/KB. SBCL @)of higher boiling range carried much less reactive 
species such as 4,6dirnethyldibemthiophene and dimethylcarbazoles. Hence their heteroatom 
removal was much slow than that of SBCL (A). The carbon-supported catalyst was found more 
active than alumina supported one, shows bener Ternoval all heteroatoms. The advantage of 
carbon support decreases in order of S > N > 0 removal. 

Discussion 
The reactivity of heteroatom species in SBCL (A) is defined clearly in the order of S > 

N > 0. Sulfur was easily removed became smaller content and least refkctory species such as 
4,6dimethyldibenmthiophene. Nitrogen species are less reactive than sulfur species. Among the 
nitrogen species, very basic nitrogen species were removed at lower temperature, their 
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preferential adsorption being suggested Anilines and alkyl anilines were less reactive. Oxygen 
species especially benzofuran were very unreactive. 

KB supported NiMo catalyst was found much more active than alumina supporting ones 
especially against refractory species. Large surface area and very fme gains help its high 
dispersion of active phases over the surface and among the heteroatom species of the catalyst 
particles. The number of active site is believe to depend on the extent of sulfuization. Medium 
strength of chemical interaction between active phase and carbon support may be favorable for 
complete sulfurization. 

The acidic polar support has been believed to help hydrogenation and C-X cleavage. It 
clear accelerates the deactivation by coking through strong absorption. Carbon is certainly 
expected less deactivated. More chemical modification of carbon can be the target of the next 
research. 
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Table 1 Elemental analyses of feed 

Sample b.p(OC) C* H* N* S** Ob** WC 
A <300 84.97 10.37 0.84 667 3.74 1.46 
B 200 -350 85.59 9.09 1.74 770 3.49 1.27 

: W?, ** : p p q  *** : differences 

Table 2 Some Properties of Ketjen Black 

Surface area (m*/g) 1270 
Volatile matter (YO) 0.7 
PH 9.0 
Particle size (nm) 30 
Apparent density (a) 115 
Ash (%) 0.1 
Ni (ppm) 1.5 

Fe @pm) 100 
c u  (PPI4 1 
Mn (PPm) 1 

v @ P d  30 
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Figure 2 nitrogen chromatograms of hydrotreated SBCL (A) over 
NiMo/A1203 catalyst 
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Figure 3 oxygen chromatograms of hydrotreated SBCL (A) over 
NiMolA1203 catalyst 
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Figure 4 sulfur chromatogram of hydrotreated SBCYB) 
over NiMoIAl203 and NiMolcarbon catalyst 
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Figure 5 Nitrogen chromatograms of hydrotreated SBCL(B) 
over NiMoIAl203 and NiMo/carbon catalyst 
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Figure 6 oxygen chromatographs of hydrotreaied SBCL(B3) 
over NiMoIcarbon and NiMoIAl203 catalyst 
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Abstract 
FeMoNi catalyst supported on carbon nanoparticles (Ketjent Black: KB) was tested in the 

liquefaction of sub-bituminous coals in an autoclave of 50 ml capacity. At 450’C and 1 5  MPa, 
the liquefaction of (an Indonesian coal) Tanito Harum coal with FeMoNi/KB catalyst ( 10% Fe, 
5% Mo, 2% Ni, 83% KB) provided oil yield as high as 77&? that is comparable to that 
obtained from liquefaction with NiMoKB catalyst (2% Ni, 10% Mo, 88% KB). The ternary 
catalyst was also optimized for the highest activity in terms of loading amount and order of the 
active components 

Keywords: coal liquefaction; iron molybdenum nickel catalysts; carbon nanoparticle support 

Introduction 
In fundamental research, a number of catalytic materials have been examined to find better 

liquefaction catalyst However, only iron and molybdenum have been attempted in 
demonstration plant and so far the greatest attention has been given to Fe catalysts because of 
their low cost and disposability even though their activity is rather poor. To enhance the activity 
of iron, active metals of higher price have been combined by expecting some synergistic 
activation. Moreover, the very fine particles as catalyst supports having high surface area are 
useful to give high dispersion of active metals on its surface. In addition, as carbon support, it 
has a weak interaction between the metal phase and the support, which allows the quantitative 
conversion of the metal oxide to the active sulfide form. Thus, the carbon-supported catalysts are 
very effective to carry more active and costly metals at lower loading.’ 

The present authors have attempted to use the nickel-molybdenum sulfide supported on 
carbon nano particles (KB: Ketjen Black) to achieve excellent activity and recovery for repeated 
use in the liquefaction.2 The authors also proposed FeNi sulfide on KB to reduce the cost of 
catalyst, which is superior to the NiMo/AlZO, but inferior to the N~Mo/KB.’*~ 

In the present study, catalytic activities of ternary sulfide FeNiMo/KB were examined by 
loading least amount of Mo on carbon nanoparticles to obtain the activity that is comparable to 
that of NiMoKB catalyst. The effect of catalyst preparation method to the activity of 
FeMoNi/KB catalyst was also investigated. 

Experimental Section 
Catalvst and Materials 

Fe, Ni and Mo salts were impregnated on to KB by several impregnating methods using 
FeC.&O4 (fumarate), Ni(NO& or N-(Ac)l, and MoOz-AA in methanol and water depending on 
the solubility of the salts. The catalysts prepared in the present study are listed in Table 1 A 
prescribed amount of Ketjen black (KB) was dispersed in methanol under ultrasonic irradiation 
for 15 min. A mixture of iron(I1) fumarate and Ni(N0~)z dissolved in  methanol was mixed to the 
m-methanol slurry with a small amount of nitric acid (1% vol.) as an additive. The slurry had 
been dispersed under ultrasonic irradiation and heated at 40’ C for 2 h before the slurry was 
evaporated, and dried at 120 ‘C for 12 h in vacuo. In the case of successive impregnation, nickel 
was first impregnated, being followed by iron. Other combinations of metal precursors, Mo/Ni, 
Fe/Mo, and FelMoMi (the order of impregnation) were also impregnated on K B  These catalysts 
were presulfided by flowing 5% vol HzSMz at 360’ C for 2 h prior to the rea~tion.~.”’ 

The elemental analyses of Tanito Harum, Yilan, and Shenmu coals are summarized in Table 
2. Commercially guaranteed grade tetralin (TL) was used as a liquefaction solvent, and 1-  
methylnapthalene was used as a reactant in the hydrogenation. 
Liauefaction Procedure. 

coal liquefaction was performed in an electromagnetic-driven autoclave of 50 ml capacity, 3 
g of coal, 3 g of solvent and 0.09 g of catalyst were charged to the autoclave6. The liquefaction 
was performed under 15 MFa of hydrogen pressure at 450’C for 60 min. The heating rate to the 
reaction temperature was 20’C/min, and the stirring speed was 1300 rpm. 

The liquid and solid products of coal liquefaction were recovered by T H F  Afier the THF was 
removed by evaporation, the product was extracted in sequence with n-hexane, acetone, and T H F  
The n-hexane-soluble (HS), n-hexane-insoluble but acetone-soluble (HI-ACS), acetone-insoluble 
but THF-soluble (ACI-THFS), and THF-insoluble (THFI) substances were defined as oil (0) and 
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solvent, asphaltene (A), preasphaltene (PA), and residue (R), respectively. The gas yield was 
calculated by the weight difference between initial coal, solvent, and recovered product. The oil 
yield was calculated by subtracting the initial solvent weight from the total weigh of HS. The 
reaction under the same conditions was repeated at least three times to make sure the 
experimental results that were within the errors of Iwt% daf coal base. 
Hvdrogenation of 1 -methvlnaoththalene. 

1-Methylnaphthalene (1-MN; 6g) and catalyst (l.5wt%0 based on I-MN) were charged into a 
50 ml magnetically stirred autoclave. Standard conditions for the hydrogenation were 60 min , 
36OoC, and 15 MF'a of H2 reaction pressure. The 1- and 5-methyltetralins and trace of tetralin 
were identified and quantified by GC-MS to calculate the hydrogenation activity and selectivity 
over the catalyst. 

Results and Discussion 
Effects ofNi or Mo on the catalytic activities of iron suooorted on KB. 

Figure 1 describes yields of Tanito Harum coal liquefaction at 45OoC and 15 MPa with 
Fe(lO%) based catalyst on KB. The addition of Mo from 2 to 3% improved the oil yield of 67 
and 68% , respectively, which were much higher than that of Fe(20)KB. FeNilKB catalyst with 
Ni content of 15% provided oil yield as high as 73%. More Mo or Ni content tends to increase 
the activity of Fe based catalyst. 
Activitv of the NiMoKB catalvsts with various Mo content and effects of Ni addition to the 
F e M o k  catalyst 

Figure 2 shows the activity of NiMo/KB catalyst with various Mo contents and the effect of 
Ni addition to the FeMoKB catalyst in the liquefaction of Tanito Harum coal. The activity of 
NiMoKB catalyst increased in line with the .increase of Mo content in the catalyst. The Ni 
Mo/KB catalyst with Mo content of 10% provided a very high oil yield of 78%. 

The activity of FeMoKB catalyst was improved by the addition ofNi.  Fe(lO)Mo(3)Ni(3)/KB 
gave higher oil yield than that of Fe(lO)Mo(3)/KB (see Fig. 2e and IC). The activity was 
governed by Mo content of 2 to 5% that provided oil yield from 70 to 77%. It must be noted that 
5% Mo in FeMoNVKB catalyst provided a comparable oil yield to that of Ni(Z)Mo(lO)iKB 
under the same conditions. Moreover, 3 and 5% Mo in FeMoNVKB gave oil yield of 5% higher 
than those of NiMolKB with the same as Mo contents. 
Effects of catalvst preDaration procedure on the catalytic activity of NiMo and FeMoNi on KB 
Figure 3 shows the effects of catalyst preparation procedures. For NiMolKB catalyst, successive 
impregnation method appeared definitely much better than simultaneous impregnation In 
impregnation procedure, molybdenum was first impregnated. However, the order of MolFelNi in 
the successive method gave the same oil yield as to that in simultaneous impregnation procedure 
(see Figure 3c and 3d), while the order of FeAvloMi provided a slightly higher oil yield (see 
Figure 3e). Successive impregnation appears to give higher activity when the most dominant 
metal component was loaded. The reason is that the metal component is generally better 
dispersed in the first impregnation than in the second one because the component gets more 
space on the support However, the effects in the successive impregnation may not be so strong 
for the component of inferior majority such as Fe. 
Cornoarison of various catalvsts in the liauefaction of Yilan and Shenmu coals 

Figure 4 compares the activities of FeNVKB, FeMoNiiKB, NiMoKB catalysts in the 
liquefaction of Yilan and Shenmu coals. The activities of Fe(lO)Ni(lO)/KB, 
Fe(lO)Mo(3)Ni(3)KB, Ni(Z)Mo(lO)/KB catalysts in the liquefaction of Yilan coal provided 65%, 
72%, and 77% oil yields, respectively. FeMoNilKB catalyst with less Mo content gave much 
higher oil yields than FeNiiKB catalyst. High oil yield compensated by low gas, asphaltene, and 
preasphaltene yields suggests high selectivity of FeMoNiKB catalyst. In the liquefaction of 
Shenmu coal (bituminous coal), the oil yield by FeMoNi/KB catalyst was higher compared to 
FeNilKB in spite of lower than that of NiMolKB catalyst. 
The activitv of NiMo and Fe based catalvsts suooorted on KB in the hydrogenation of 1- 
methylnaDhthalene 

Table 3 compares the activities of catalysts in the hydrogenation of I-methylnaphthalene at 
360 OC, 15 MPa H1, and 60 min. The Mo content governed basically the hydrogenation activity 
The Mo content of 2, 3, 5, and 10% in the Fe-based and NiMo catalysts on KB provided 
conversions of 16, 24, 47, and 94%. respectively, regardless of the other components. The 
catalysts prepared by successive impregnation procedure showed a little better activity than that 
by simultaneous impregnation. 
Conclusion 

The addition of small amount of molybdenum and nickel on the iron catalyst supported on 
carbon nanoparticles enhances the activity of the catalyst in the liquefaction of sub-bituminous 
and bituminous coals. However, the hydrogenation activity for aromatic ring of the catalyst is 
basically influenced by Mo content. The activity ofFeMoNi/KB catalyst is slightly influenced by 
the order of impregnation sequences in the catalyst preparation procedure. 
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Table 1. Catalysts and Salts 

Catalysts" Fe salts Ni salts Ma salts 
1. Fe(lO)Ni(lO) FeC4H~04 Ni(NO3)z 
2. Fe(lO)Ni(l5) FeC4H~04 N i ( N 0 h  

................................................................................................................................................................................................................. 

3. Fe(lO)Mo(2) FeC4H~04 M00z-AA 
4. Fe(lO)Mo(3) FeC4H~04 MoOz-AA 
5. Fe(lO)Mo(2)Ni(2) FeC4H~04 Ni(N03)~ MoOZ-AA 
6. Fe(lO)Mo(3)Ni(3) FeC8204 Ni(NO3)Z M00z-AA 
7. Fe(lO)Mo(S)Ni(2) FeC4H204 Ni(N03)2 M00z-AA 
8. Ni(3)Mo(3) Ni-(Ac)z M00z-AA 
9. Ni(2)Mo(5) Ni-(Ac)z M 0 0 2 - M  
10. Ni(Z)hlo(lO) Ni-(Ac)2 MoOz-qA__- 

a Numbers in parentheses indicate the weigh percent of metals 

Table 2 Elemental Analysis of Coals Used in The Present Study 
C" H" N" 0" Sa Ashb H/C OIC 

....................................................................................................................................................................................................................... 
TanitoHammCoal 71.2 5.5 1.6 21.7 0.16 3.9 0.93 0.23 
Yilan Coal 76.1 5.6 1 . 3  16.7 0.22 3.8 0.88 0.167 
Shenmu Coal 78 8 5.1 1.1 > ~ - ~ ~ - - ~ - ~ ~  
' in Wt % (d.a.f.) 

Wt.% in 

Table 3 Hydrogenation 
- ..I...-.....̂__._.....___I_- __ Catalysts 

Fe(lO)Ni( lO)/KB (simultaneous impregnation) 14 
Fe(lO)Ni( lO)/KB (successive impregnation) 16 
Fe( 1 O)Mo(Z)Ni(2)/KB (simultaneous impregnation) 16 
Fe( 1 O)Mo(3)Ni(3)/KB (simultaneous impregnation) 24 

28 

94 

. 

Fe( 1 O)Mo(3)Ni(3)/KB (successive impregnation) 
Fe( lO)Mo(5)Ni(2)/KB (successive impregnation) 47 
Ni(2)Mo( 1 O) /KB (simultaneous impregnation) 
Ni(Z)Mo( 10)/KB (successive impregnation) 98 

Catalysts, 0 09 gr; 1-rnethylnapthalene, 6 g 
Reaction conditions : 360 'C; 15 MPa; 60 min; stirring speed : 1300 rpm. 
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Figure 1 Effect of NI or Mo addition to the Fe(lO)/KB on the 
liquefaction of Tanito Harum coal (a) Fe(20)/KB, (b) 
Fe(lO)Mo(2)/KB, (c) Fe(lO)Mo(3)/KB, (d) Fe(lO)Ni(lO)/KB, ( e )  
Fe( 1 O)Ni( 15)/KB 
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Figure 2 Actlvity of the NiMo/KB catalysts with variable Mo 
content and Effect of addition of NI to the FeMo/KB catalysts on the 
liquefactlon of Tanito Harum coal (a)N1(3)Mo(3)M, (b) 
Ni(2)Mo(5)/KB, (c) Ni(2)Mo(lO)/KB, (d) Fe( 10)Mo(2)N1(2)/KB, (e) 
Fe(lO)Mo(3)Ni(3)/KB. (0 Fe(1 O)Mo(5)N1(2)/KB 
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Figure 3 Effect of preparation method on the catalytic activity of 
Mo-based catalysts in the liquefaction of Tanito harum coal (a) 
Ni(2)Mo(lO) simultaneous impregnation process, (b) Ni(2)Mo( I O )  
successive impregnation process, (c) Fe( 1 O)Mo(3)Ni(3) simultaneous 
impregnation, (d) Fe(lO)Mo(3)Ni(3) successive impregnation 
process I' , (e) Fe(lO)Mo(3)Ni(3) successive impregnation process 
II*" 
* Mo was firstly impregnated 
**  Fe was firstly impregnated 

0% 20% 40% 60% 80% 100% 

Figure 4 Activities of Fe(lO)Ni(lO)/KB, Fe(lO)Mo(3)Ni(3)/KB, 
and Ni(Z)MO(lO)/KB catalyst in the liquefaction of Yilan, and 
Shenmu coals with tetralin solvent (a), (b), (c) Yilan coal; (d), (e), 
(f) Shenmu coal; (a), (d), Fe(lO)Ni(lO)/KB catalyst, (b), (e) 
Fe( IO)Mo(3)Ni(3)/KB catalyst, (c), (f) Ni(2)MO( 10)IKB catalyst. 
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CO and CO, Hydrogenation Over Co/SiO, Catalyst 

Y. Zhang, D. Sparks, M. E. Dry and B. H. Davis 
Center for Applied Energy Research, University of Kentucky, 

Lexington, KY 405 1 1 

S-w 

CO and CO, hydrogenation was studied in a fixed bed reactor on a Co/SiO, catalyst. 
Reactionwascarriedoutat 220aC, 350psig,H2:CO=2:1, H,:CO,=2.1, withatotal flowrateof 150 
mL/min (3NL/br/g catalyst) and a H,+CO, H,+CO, or H,+CO+CO, flow rate of 50 
mL,/min(lNL/hr/g catalyst). CO, CO, and CO,CO, mixture feed gas were used respectively for 
comparison. The results indicated that in the presence of CO, CO, hydrogenation hardly occurred. 
For the cases of only CO or only CO, hydrogenation, the activity of the two were similar but the 
selectivity was very different. For CO hydrogenation, normal Fischer-Tropsch synthesis product 
distribution were observed with an a of about 0.80; in contrast, the CO, hydrogenation product 
contained about 70% methane. Thus, CO, and CO hydrogenation appears to follow different 
reaction pathways. 

Introduction 

Fixation of carbon dioxide has become of greater interest in recent years, primarily because 
of its impact on the environment through the greenhouse effect. One approach that has attracted 
attention is to produce synthesis gas through its reaction with methane even though the syngas 
producedonly has a HJCO ratio of 1 for the idealized reaction. Another option is to recycle carbon 
dioxide to a gasification unit; however, there is a limit to the amount of carbon dioxide that can be 
utilized in this manner. Another approach is to hydrogenate carbon dioxide in Fischer-Tropsch 
synthesis (FTS) plants; this has become an attractive approach even though one must fmd a source 
of hydrogen to accomplish this. 

For high temperature (330-350°C) FTS the water-gas-shift (WGS) reaction is sufficiently 
rapid that it is nearly at the equilibrium composition. The hydrogenation of CO, at high temperatures 
is possible and occurs in the fluid bed reactors operated by Sasol and Mossgas. However, the use of 
a slurry phase bubble column reactor is very attractive since its use allows the FTS reaction to be 
carried out isothermally. In the liquid phase synthesis, lower temperatures must be utilized (220- 
240'C) with either a cobalt or iron catalyst. It was of interest to compare the FTS reactions of CO 
and CO, with a cobalt catalyst. In this initial work a simple catalyst formulation has been utilized: 
cobalt supported on a silica without any promoters. 

Experimental 

The catalyst was prepared by three incipient wetness impregnations of silica (David 644, 
100-200 mesh, 300 m'/g, and pore volume of 1.15 cm'/g) with aqueous cobalt nitrate to produce a 
final loading of 15 wt.%. The material was dried in a fluidized bed and then calcined for 4 hrs. in 
an air flow at 400'C. Three grams of the calcined catalyst was diluted with 15 g of glass beads and 
placed in a fixed bed reactor where it was reduced in a H,(33%)/Ar flow for 10 hours at 350°C. The 
reaction conditions were: 220°C, 24 atm (2.4MPa), HJCO = 2/1,3 NL/hr/g catalyst total gas flow, 
1 NL/hr/g catalyst synthesis gas flow. Analysis ofthe gaseous products was accomplished using gas 
chromatography. 

Results. 

The conversion of CO and CO, during 10 days on-stream are given in figure 1. Compared 
to the CO conversions of the same and another similar Co-silica catalyst, it appears that the initial 
CO conversion is about the same in the CSTR and in the fixed bed reactor; however, the activity 
decline is more rapid in the fixed bed reactor. The run data and conversions for the fixed bed reactor 
are compiled in table 1. 

There was a decline in activity during the period between collecting the first two samples. 
The exit gas from the CO, conversions contained more CO, than the calibration gas so that CO, 

I 
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sample No. 

1 

, 

time on stream@) feed gas conversion(%) 

17.3 co 52.2 

conversions were calculated from the mass balance for the other gaseous and liquid products; thus, 
there is some uncertainty in the absolute CO, conversion data but the trend shown in Table 

2 

3 

4 

Table I Run conditions and results from the conversion of CO and CO, with a cobalt-silica catalyst. 

39.41 co 45.8 

44.47 c 0 2  31.2. 

61.97 co 24.4 

5 

6 

~ 

70.47 c 0 2  23.1 

90.97 c 0 2  20.5 

7 

8 

109.97 co 18.6 

117.22 c 0 2  24.5 

9 

10 

134.47 c o + c 0 2  c o ,  53.5% 
C02,3.98% 

methanol 

1 and figure I are certainly valid. Thus, with the cobalt catalyst the conversion of CO and CO, occur 
at about the same rate. This is in contrast to the observations with an iron catalyst under low 
temperature FTS conditions where the rate of conversion of CO, is considerably lower than for CO 
(1-6). 

A striking difference for the cobalt catalyst is the formation of methane. Under the same 
reaction conditions, the amount of methane produced is much higher for the CO, reactant (figure 2). 
Whenever CO, was the reactant, methane accounted for greater than 70% (based on carbon). 
However,underthe same reaction conditions and with the same catalyst, methane accounted for less 
than 10% of the products. Similar results are reported by Riedel et al. (6). This requires that 
methane be formed by two pathways or that a common reaction intermediate and reaction pathway 
does not occur with CO and CO,. 

During period 9, the feed was changes so that equal amounts of CO and CO, were present 
in the feed and the flows of AI, H, and (CO + CO,) were the same as when either pure CO or CO, 
was converted. Under competitive conversions, CO was converted much more rapidly than CO,, 
clearly showing that CO i s  adsorbed on the Co catalyst to a much greater extent than the CO, 
Whereas the total carbon oxide conversion is about the same expected from the trend of the previous 
runs, the conversion of CO accounted for more than 90% of the total conversion of the carbon 
oxides. A similar result was obtained following the conversion of methanol except that there was 
not as dramatic a difference as would be expected from the trend of the previous conversions. The 
CO conversion following the period of methanol feed was lower than expected from the trend ofthe 
prior periods. Since the water partial pressure was much higher during the conversion of methanol, 
it is anticipated that irreversible, or slowly reversible, damage of the catalyst occurred during the 
exposure to the high water partial pressure conditions. 

Following the first conversion of the mixture of CO and CO,, methanol was substituted for 
the carbon oxides feed. Because of the limitations of the liquid pump, the feed during this period 
was only H, and methanol. The total flow was 4 NL/hr/g catalyst and the H,/methanol molar ratio 

~~ 

11 ' 

12 
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206.22 CO+CO2(different CO: 9.86% 
flow rate) C02: 6.1% 

226.89 c 0 2  22.8 



was 2/1. Thus, the HZ/carbon ratio in the feed was the same as when CO andor CO, was the feed 
but the flow rate ofmethanol was four times that ofthe carbon oxide. Under the reaction conditions 
used the conversion of methanol was about 50% whereas the conversion of CO or CO, was slightly 
less than 25%. Thus, considering the higher flow rate (4 times higher) and higher conversion (2 
times higher) of methanol, the total carbon converted with the methanol feed was about 8 times 
greater than for the carbon oxides. Thus, the relative rate is rapid enough that any methanol 
intermediate could be converted to methane so that methanol would not be detected in the liquid 
sample; unfortunately, in this preliminary run the analysis of the gas sample did not provide a 
measure of the amount of methanol in the gas phase. The only significant products from the 
conversion of methanol under the FTS conditions were methane and water; thus, any methanol 
formed during the reaction could have been converted to methane. 

Discussion. 

The difference in the product distributions obtained from the hydrogenation of CO and CO, 
preclude a common reaction pathway for FTS unless there is a second reaction pathway for the 
conversion of CO,, but not CO, to methane. Furthermore, ifthere is a second pathway, then the FTS 
with CO, occurs at about only 20% of the rate with CO. 

Based on the preliminaxy data, it is proposed that the conversion of CO and CO, occurs by 
different reaction pathways. It is assumed that the hydrogenation and breaking of the two 
C-0 bonds of the CO, provide the source of the different pathways. In this proposal, the breaking 
of the C-0 bond, presumably by the addition of adsorbed H to form C-0-H, competes with, and 
probably leads, the addition of adsorbed H to form the C-H bond. Thus, for CO the following 
reaction pathway could apply: 

C-0, + 2 Ha - [ H - C --- 0-H 1. - H-C, + 0-H, [I1 

In the case of CO, the reaction is more complex since there are two C-0 bonds that must be broken 
prior to, or simultaneous with, the formation of the C-H bond. If it is assumed that similar rates 
apply for the formation of the first 0 -H and C-H bonds as in the case of CO we would have a 
different situation, idealized in reaction [2]: 

0 -C-0, + 2 H, - [ H - C --- 0-H 1. + [H-C], + 0-H, VI 
I 
0 

I 
0 

If reaction [2] is valid, it is then a matter of the hydrogenation of the adsorbed oxygen species to 
produce the adsorbed intermediate (methanol) and its subsequent hydrogenation: 

[H-C-01, + 3 H, - [HJ-0-HI, + 2 Ha - CH, + H2O [3 1 
Based on the carbon mass balance, about 75% of the hydrogenation of CO, would proceed by 
reaction [3] and the remainder would involve the breaking ofthe second C-Obond to continue along 
the normal FTS reaction pathway that is followed by CO hydrogenation. At this time, while the 
above mechanism accounts for the products that are produced from the hydrogenation of CO,, it is 
very speculative. ''C-tracer studies are planned that should provide some evidence to establish 
whether the speculation has merit. 

The results to date for the hydrogenation of CO, indicate that it will not be commercially 
attractive using typical FTS catalysts based on iron or cobalt. 
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INTRODUCTION 

Oxidation of carbon fibers is a method commonly used to improve their adhesion to 
matrixes in the preparation of composite materials (1). The aim of this work is to evaluate the 
possibility and convenience of further increasing surface oxidation in short isotropic carbon 
fibers by the use of a cold oxygen plasma, not only in terms of the amount of oxygen introduced 
but also paying attention to the type of functionality achieved. 

EXPERIMENTAL 

Short, isotropic pitch carbon fibers, S-233 from Osaka Gas. Studied fibers include as 
supplied fibers plus two set of fibers submitted to oxygen plasma treatments of varying seventy: 
50W/1 min and 150 W / 5 min. All three sets of fibers (untreated and after oxygen plasma 
treatment) were characterized by Cls  and 01s X-ray Photoelectron Spectroscopy (XPS, VG 
Scientific!, Source : AI Mono Standard, CAE 20eV, Step 0.2 eV) (2) and by programmed 
pyrolytic degradation of oxygen complexes (TPD-MS). 

RESULTS AND DISCUSSION 

In Figure 1, XPS showed that the oxygen plasma treatment produces a strong surface 
oxidation. However, at higher power and longer time of exposure (150W/5min), the surface 
oxidative effect slightly declines. The same trend reversal due to a more drastic plasma treatment 
was already observed during oxidation of an activated carbon (3). Figure 2 shows a relative 
increase ofthe of-C=O and 4-0- region ( a 8 7  eV for CIS and < 533 eV for 01s) with increase 
of the treatment intensity. 

TPD agrees with results obtained by XPS. CO2 evolution showed a promotion of the 
acidic COO-functionality (carboxylic groups, anhydrides, lactones) in the fiber treated at 50 W / 
1 min which recedes for the more severely treated fiber where basic surface groups become 
predominant. 

CONCLUSIONS 

XPS and TPD showed that oxygen plasma treatments increase the oxidation levels of 
short carbon fibers. This enrichment is compensated by a selective removal of the surface acidic 
groups on the most exposed surface. Different predominant functionalities can be achieved by 
varying the treatment conditions. 
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INTRODUCTION 

The formation of carbon deposits on metal surface from decomposition of jet fuel is a major 
concern in the development of advanced aircraft in which the fuel is also used as a heat sink (I). 
Metal surface composition can strongly affect carbon deposition from thermally stressed jet fuel 
or model hydrocarbon (2). Carbon deposition on heat exchanger surfaces, filters, injectors and 
control valves can pose serious operational problems. Depending on the temperature and 
pressure of the system and the activity of metal surfaces, the deposition may be catalyzed by 
metal surfaces with the formation of filamentous carbon, or other forms of carbonaceous solids 
(3.4). 

A considerable volume of research has been carried out on Fe and Ni containing catalystslor 
alloys over the past two to three decades to investigate their catalytic activity for the formation of 
carbonaceous deposits from various hydrocarbons under different conditions (5-7). Jet fuels m y  
contain up to 2000 ppm sulfur that can have a significant effect on solid deposit formation from 
thermal 'stressing of fuels on metal surfaces. The effects of sulfur compounds on carbon 
deposition are not clear. Ohla and Grabke (8) reported that sulfur retarded graphitic carbon 
formation on iron, but the growth of graphitic carbon on nickel was accelerated by sulfur. Trimm 
and Turner (9) observed both the facilitation and retardation effect of sulfur on carbon deposition 
from a mixture of propane and hydrogen on pre-sulfided nickel, copper, iron and stainless steel 
surfaces. They suggested that the formation of stable metal sulfides on surfaces inhibit carbon 
deposition, whereas the formation, and subsequent decomposition of labile metal sulfides 
accelerated the deposition process. 

The main objective of this study is to investigate and characterize the carbon and sulfur based 
solid deposit formation from jet fuel (JP-8) stressing on pure Ni, Fe and Cr and binary alloys of 
FeNi (55/45), FelNi (W36) and Ni/Cr (80120) surfaces. 

EXPERIMENTAL 

Thermal stressing of a JP-8 fuel (120 ppm constituent sulfur) was carried out in the presence of 
pure. Ni, Fe, and Cr and FelNi (55/45), FelNi (64/36), and NilCr (80l20) foil surfaces. The 
15~0.3~0.01 cm coupons were placed at the bottom of a 20 cm, 0.63 cm (OD) and 0.4 cm (I. D.) 
glass-lined tube reactor. .The reaction system was heated to 500°C for 2 hours under argon flow 
at 500 psig prior to the introduction of the JP-8. Then, the preheated fuel at 250'C was 
introduced to the reactor. The reactor temperature and the fuel pressure were kept constant 
throughout the experiments at 500°C. and 500 psig, respectively. The flow rate of jet fuel was 
maintained at 4 mllmin. After 5 hours of stressing, the foils were cooled down under argon flow 
in the reaction system. 

The stressed foils were analyzed using LECO-RC412 Multiphase Carbon analyzer to determine 
the total amount of carbon deposition on the foils as well as temperature programmed oxidation 
(TFQ) burn-off profiles (IO). In TPO experiments, the C0,evolution was measured by two IR 
cells as a function of time while heating the sample from 1 W C  to 9oo'C at a constant rate of 
30'Clmin under 0, flowing at 750 mllmin. The carbon deposits were also examined by field 
emission SEM (FESEM), SEM with energy dispersive x-ray spectroscopy (EDS), and x-ray 
diffraction (XRD). 

RESULTS AND DISCUSSION 

As shown in Table 1, the thermal stressing of JP-8 fuel on Ni and Fe and their alloys resulted in 
large amounts of carbonaceous solid deposits as compared to Cr and binary alloy with Ni, NilCr 
(80120). Total amounts of deposits were measured by using the LECO multi-phase carbon 
analyzer and the results were calculated in terms of p g  of carbon per cm2 surface area of the 
metal foil. The amount of carbon deposited on pure. Ni, and Fe surfaces is 100, and 132pg/cm2, 
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respectively. The two binary alloys of Fe and Ni (with a relatively small difference in their bulk 
compositions) collected substantially different amounts of deposits. The alloy with 55% Fe and 
45% Ni collected 55 pglcm’ carbon deposit (lower than that collected on pure Fe, or Ni), 

pure metal surface). As expected, the addition of Cr to Ni reduced the deposit formation 
significantly. The binary Ni/Cr alloy collected 6 pglcm’ carbon deposit. 

Table 1. The amount of carbon deposits collected on Ni, Fe, FelNi (55/45), Fe/Ni (64/36), and 

nlicrcas 64% Tc and 36ZNi collcctcd 389 pg/c:ni2 (much highci thcte that collcctcd on oithci 

Ni/Cr (80l20) surfaces. JP-8 was thermally stressed at 5 W C  and 500 psig for 5h at a 
flow rate of 4 mllmin. 

Metal Amount of deoosit (uelcm’) 

Ni 132 
Fe 100 
FelNi (55/45) 55 
FelNi (64/36) 389 
NilCr (80/20) 6 

Figure 1 shows the SEM micrographs of deposits formed from IP-8 stressing at 5 W C  on pure 
Ni, and Fe surfaces. In Figure la,  it is seen that Ni surface is completely covered with 
filamentous deposits formed all over the surface. Most of the filaments have twisted shapes and 
they are longer than 5pm in length. High magnification images from FESEM examination 
showed that some of the filaments contain metal particles at their tips. An EDS elemental map 
analysis indicated that the surface contains high concentrations of sulfur in addition to carbon. 
The sulfur compounds present in jet fuel such as, thiophene and benzothiophene and their 
alkylated homologs appear to react with metal surfaces at high rates. An XRD analysis clearly 
showed the formation of Ni,S,on the nickel surface upon stressing with JP-8. 

The thermal stressing of JP-8 at 5 W C  on pure Fe surface produced two different sulfur- 
containing structures besides the carbon deposits. Figures Ib and IC show hexagonal, tetragonal 
and monoclinic structures of Fe,.,S, pyrrhotites, and FeS, troilite formed on pure Fe surface. In 
Figure 1 b, a carbon deposit in amorphous form was also observed as bright overlayer between 
the sulfide crystals. There was no filamentous deposit observed on the Fe surface. The formation 
of highly crystalline sulfide structures may inhibit the catalytic effect of Fe surface to form 
carbon filaments. Trimm and Tumer (9) also observed similar behavior during propane stressing 
in the presence of H,S on the Fe surface. The authors reported that the Fe surface did not produce 
much carbon deposit when H,S is presenf but without H,S, the Fe surface collected a significant 
amount of carbon deposit, 

Figure 1. SEM micrographs of carbon deposits from thermal sh-essing of JP-8 at 500°C and 
500 psig for 5 h  at flow rate of 4 ml/min on Ni (a), and Fe (band c) surfaces. 

Figures 2a, 2b and 2c show carbon and sulfur deposit structures on binary alloys of FdNi 
(55/45), FelNi (64136) and NilCr (80/20). No distinctive filamentous carbon morphology was 
observed on the surfaces of the deposited coupons. The deposits on the two FelNi binary alloys 
appeared to have particulate morphologies with different surface coverage and palticdate size. 
The bright carbon deposit structures Seen on the FelNi (55145) surface in Figure 2a covered the 
whole alloy surface. The average particulate size of the deposits is 0.2 pm. However, on the 
Fe/Ni (6436) shown in Figure 2b, deposits collected more on isolated areas without covering the 
surface completely. The average size of the particulate deposits is OSpm, larger than that 
observed on the other binary FdNi alloy. From these observations and the TPO results, one can 
suggest that the F e N  (W36) alloy has a higher activity towards carbon deposition than the 
FdNi (55145) alloy. This difference in surface activity can be attributed to differences in 
surface composition and metallic phases present in these alloys among other factors, such as 
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impurities and physical characteristics of the alloy surfaces. Figure 2c shows that addition of Cr 
to Ni significantly reduced the surface activity towards sulfur and carbon corrosion. A relatively 
Small amount of deposits observed on the surfaces consist of sulfide flakes and small particles of 
solid carbon. 

Figure 2. SEM micrographs of carbon deposits from thermal stressing of JP-8 at 500'C and 500 
psig for 5h at flow rate of 4 ml/min on Fe/Ni (55/45)(a), FeMi (64/36) (b) and Ni/Cr (80/20) (c) 
alloy surfaces. 

The TPO profiles shown in Figure 3 indicate that on the pure Ni surface there are mainly two 
types of deposit structures that exhibit different reactivities in oxygen, giving two CO, evolution 
peaks centered at 375 and 750'C. respectively. The lower temperature peak c" be attributed to 
reactive deposits, such as disordered, or amorphous deposits, and metal carbide (Ni,C) particles. 
The higher temperature peak, on the other hand, should result from the oxidation of more 
ordered, e.g., graphitic, structures, produced around the metal particles in filamentous carbon 
structures. 

On the Fe surface, three peaks were observed at 150,275 and 450'C bum-off temperatures. The 
first low temperature peak can be related to the evaporation of trapped hydrocarbon molecules in 
the porous deposit structure, and the second broad peak results probably from the highly reactive 
carbon deposits formed between the sulfide crystals (Figure Ib). The third peak that appeared at 
around 450'C can be attributed to the oxidation of different iron carbides, e.g., Fe&, Fe& and 
FeC, or of the more ordered carbon deposits formed on metal surfaces. No carbides were 
identified by XRD, probably because their quantity is very small compared to that of sulfides on 
the Fe surface. 

The TPO profiles of the binary alloys of Fe and Ni are also shown in Figure 3. The heavy 
deposition on FelNi (W36) alloy is particularly noteworthy. The three major TPO peaks of the 
deposited alloys appeared at 150,250-300 and W C .  It is interesting that the high temperature 
peak (750'C) seen on the deposited nickel surface is absent on the deposited alloy surfaces. 
Similar to pure Fe TPO profiles, the first two peaks of alloys can be ascribed to the evaporation 
and oxidation of the trapped hydrocarbons, and the oxidation of the highly reactive solid 
deposits. The third very sharp peak at W C ,  probably results from the presence of an active 
alloy phase (Fe and Ni), which seems to catalyze the oxidation of the carbon deposits, as well. 

As seen in Figure 2c, the amount of deposit on Ni/Cr alloy surface was very low compared to 
that obtained on Ni/Fe alloys. The TPO profile of the carbon deposits on Ni/Cr surface showed 
only one broad peak at 375'C that can be attributed to the oxidation of amorphous deposits and 
metallic carbides of Ni and Cr. 

CONCLUSIONS 

The catalytic effect of Ni and Fe surfaces resulted in significant amount of carbon deposits 
during the thermal stressing of JP-8 fuel in a flow reactor producing both filamentous, 
crystalline, amorphous, and metal carbide deposits. The sulfur compounds in the jet fuel lead to 
the formation of metal sulfides that cause surface corrosion and increase the surface area 
available for carbon deposition. The binary alloys of Fe and Ni further increased both carbon 
and sulfur deposition depending on the Fe content. The Cr addition to Ni, however, inhibited the 
catalytic activity of Ni significantly compared to the Ni and Fe alloys. 
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Figore 3. TPO profiles of deposits from JP-8 stressing at 5OO'C and 500 psig for 5h at a flow 
rate of 4 mllmin on pure Ni and Fe and FeMi (55/45), FelNi (W36) and NUCr (80Cu)) alloys. 
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INTRODUCTION 

In the 1980’s there was a resurgence of interest in understanding carbon as a catalyst 
support. It had been well documented by then that high catalyst dispersion can be 
achieved on carbon supports under certain conditions. This was attractive because it 
had also been established that carbonsupported hydrotreatment catalysts are much less 
prone to deactivation by coke deposition than the conventional alumina-supported 
catalysts. At Penn State, conditions were ideal to fully understand the virtues of 
carbon-supported catalysts and to rationalize the potential pitfalls in their preparation. 
Frank Derbyshire had just arrived from Mobil R&D and, being an expert in coal 
hydroprocessing, was eager to renew his studies on the catalytic properties of carbon. 
Alan Scaroni had been conducting an extensive study of coking propensities of carbon 
and alumina. And there was also the support of Phil Walker, with his encyclopedic 
knowledge of carbon materials and pioneering expertise in their use as catalyst 
supports. 

Prior work had shown that “catalyst activity is strongly influenced by the 
interaction between the carbon surface and the deposited metal speaes” [I]. However, 
the exact nature of this influence was not clear [2]. Therefore, Derbyshire and his 
collaborators set out to “investigate the importance of surface functional groups on [sic] 
the activity of carbon-supported MoS, catalysts” [l]. In contrast to much of the previous 
work, in which “the carbons used ... were of different origin and varied in their 
chemical structure, textural properties and content of impurities,” in this study “a single 
metal salt precursor and a single parent carbon were selected.” 

Offered below is a summary of the seminal importance of this study, even 
though its findings and conclusions, seen in hindsight, were somewhat ambiguous. 
While necessarily subjective, such an account is not only appropriate as a contribution 
to the symposium in memory of Frank Derbyshire but arguably also as a record of 
equal value (if not greater) as the more “objective” accounts offered by 
scientometricians or historians of science. Historians of science typically direct their 
efforts only at the “big stories,” thus leaving us ignorant of the instructive historical 
context of “everyday saence,” where wheel reinventions are much more common. The 
Citation Index, an increasingly popular and potentially powerful tool, is too often used 
only by librarians and science administrators, as an end in itself rather than the means 
toward a more incisive analysis of the impact of a scientific publication. 

HIGHLIGHTS OF “THE INFLUENCE OF SURFACE FUNCTIONALITY ON THE 
ACTIVITY OF CARBON-SUPPORTED CATALYSTS” 111 

Figure 1 reproduces the key results of this study. A “somewhat hydrophobic” polymer- 
derived carbon was subjected to widely varying oxidizing (a) and nitriding @) 
treatments prior to their incipient wetness impregnation with ammonium 
heptamolybdate dissolved in a mixture of 90% H20/10% ethanol. Catalytic activity was 
determined at 450 “C by monitoring asphaltene conversion in batch hydrogenation tests 
of a process-derived coal liquefaction solvent. The extent of coke formation was 
determined by monitoring the weight gain of the catalyst after reaction. The 
effectiveness of carbon pretreatment was analyzed by elemental analysis and 
infrared spectroscopy. Maximum oxygen incorporation occurred when the carbon was 
treated in conc. HNO, and H2S0, (ca. 25.3 and 20.1% 0, respectively, vs. 1.4% in the 
parent carbon); nitrogen content increased from <0.05 to 0.53 and 0.87% after NH, 
treatment at 400 and 600 “C, respectively. 

In contrast to the unclarified and largely detrimental effects of carbon oxidation, 
nitriding ”was found to have a distinct effect in enhancing catalyst activity,” and the 
authors proposed that this is because “nitrogen-containing surface groups ... provide 
preferential sites for the adsorption of Mo species.“ Even though the authors did not 
identify these sites, they argued prophetically that ”the affinity between a particular 
carbon surface and the [selected catalyst] precursor will depend upon the compatibility 
of the two chemical structures.” 
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IMPACT OF "THE INFLUENCE OF SURFACE FUNCTIONALITY ON THE 
ACTIVITY OF CARBON-SUPPORTED CATALYSTS" [l] 

The story told by the Science Citation Index (Institute of Scientific Information, 
Philadelphia, PA), as of June 2000, is summarized in Figure 2. Not a widely cited 
paper, one would conclude, but such a conclusion would be a misleading one. As 
emphasized by Radovic and Rodriguez-Reinoso [2], this was the "first explicit attempt 
to darify the influence of surface functional groups on the activity of carbonsupported 
catalysts." Intriguingly, however, most of the (non-self-) Citing studies listed in Figure 2, 
even some of the most recent ones, do not identify it as such. Instead, the context of 
most citations is arguably peripheral and too often simply wrong. 
(a) Inspired by Ref. 1, Guerrero-Ruiz et al. [3] performed a similar study of the role of 
nitrogen and oxygen surface groups in the behavior of carbon-supported iron and 
ruthenium CO hydrogenation catalysts, with ambiguous results. 
@) Abotsi and Scaroni (4-61 further pursued the issues raised in Ref. 1, emphasizing that 
"the activities of carbon-based catalysts are dependent on the nature and concentration 
of carbon surface functional groups." In particular, they were among the first 
investigators to appreciate [5] the crucial role of carbon surface charge [2]. 
Unfortunately, they mixed up the conditions of development of surface charge: it is the 
positively charged carbons, and not negatively charged ones (see p. 110 in Ref. [5]) that 
"are generally produced at high temperatures," and this turned out to be one of the 
keys to the preparation of highly dispersed molybdenum catalysts using anionic 
precursors [Z, 7,8]. 
(c) Grwt et al. 191 echoed the underlying theme in Ref. 1, that chemical treatments 
should create catalyst anchoring sites on the support surface, and argued that "carbon 
blacks have a low density of functional (oxygen-containing) groups," which might serve 
as such sites. 
(d) Garcia and Schobert [lo] mention Ref. 1 in passing, as a study of 
"hydrodesulfurization of thiophenes" [sic]. In a subsequent study by the same group 
[ll], Ref. 1 is again miscited as a study in which, presumably, "limits [in achievable 
liquefaction conversion] have been observed beyond which further increases in Mo 
addition no longer have a significant effect." 
(e) The study of Solar et al. [7] is a direct descendant of Ref. 1, and its success in 
providing some of the key answers regarding the role of carbon surface chemistry [2] 
was largely due to the fact that Ref. 1 had asked the right questions. The studies by Suh 
et al. (121, Martin-Gullbn et al. [13], Kim et al. [14], Jansen and van Bekkum (151, 
Krishnankutty and Vannice [16], Bastl [17], Dandekar et al. (181, VAzquez et al. [19] and 
Aksoylu et al. [20] fall into the same category. In a recent study, de la Puente and 
coworkers [21, 221 revisited the topic of the interaction between Mo and activated 
carbons, did a t e  Ref. 1 in the appropriate context, but failed to,recognize that the key 
issues had been largely resolved in the intervening period [Z]. Disregarding the fact that 
adsorption of molybdate anions is suppressed by carbon oxidation, largely because of 
the presence of acidic functional groups (e.g., COOH), these authors concluded, rather 
paradoxically, that "acidic groups were acting as chemical anchorage centers." It is not 
clear how "oxygenated surface groups ... can act as chemical anchorage sites for 
molybdate ions." They argued that "[wlhen using incipient-wetness impregnation, 
electrostatic repulsions seem to be less important than other factors such as the 
hydrophilicity of the sample and the distribution of oxygen-containing surface groups;" 
they did not provide measurements of catalytic activity to support these interesting 
claims. 
( f )  Klinik and Grzybek [23] cite Ref. 1 as, presumably, a study which has shown that 
"the effect of oxidation [of carbon using concentrated H N 4 1  depends on the structure 
of the starting material. A subsequent study by the same senior author [24] uses Ref. 1 
to support the argument that "some bigger pores (macropores)" are formed during 
oxidation of an activated carbon. 
(g) In what is perhaps the most intriguing one of all the inappropriate citations, 
Sakanishi et al. [251 invoke Ref. 1 after saying that "fine particles of a Mo-based catalyst 
are applied in a moving bed." Along the same lines, Mochida and Sakanishi [26] further 
invoke Ref. 1 in vain by saying that "titania and carbon have recently been examined as 
supports for iron and Ni-Mo sulfides." 

Many other studies, especially in the 1990s, had as their main theme the effect of 
surface chemistry on the dispersion and activity of carbon-supported catalysts, and 
they are the ones that should have given, but did not, due credit to the pioneering effort 
of Derbyshire and his colleagues. Several examples will be provided during the 
presentation. 

, 
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SUMMARY 

Figure 3 is an attempt to synthesize our collective knowledge of the influence of surface 
functionality on the activity of carbon-supported catalysts. Its roots can be traced to the 
incisive questions posed by Frank Derbyshire and his colleagues in Ref. 1, as well as to 
improved understanding of “the compatibility of the two chemical structures” [l]. 
Apart from the effects of wetting and pore size distribution, carbon surface 
functionality governs the extent of adsorption of the catalyst precursor and the extent of 
its reduction or conversion to active state. Thus, for example, in catalyzing the oxygen 
transfer reactions illustrated here, the optimum surface chemistry is the one that (a) 
provides the anchoring sites for the catalyst precursor (e.g., carboxyl groups for ion 
exchange with cationic precursors), (b) allows favorable electrostatic interaction 
between the support and catalyst precursor (e.g., adsorption of anions at a pH less than 
the point of zero charge of the carbon), (c) prevents excessive catalyst mobility on the 
support surface, and (d) also faalitates the achievement of an intermediate oxidation 
state of the active phase, which in turn promotes oxygen transfer from the gas phase to 
the carbon surface. 

The two-tiered value of the Saence Citation Index to researchers, as opposed to 
librarians and research administrators, has been demonstrated here. On one hand it 
provides a quick start in the evaluation of scientific impact of a peer-reviewed 
publication. On the other hand, its increased use along the limes suggested here will 
hopefully force us all to be more careful, more selective and more responsible in 
collecting the lists of references for our publications. Perhaps sometime soon this 
important, yet too often neglected, activity will again be regarded as an opportunity to 
give credit where credit is really due and not as a matter of convenience, tradition and 
even nuisance. Had this been the case with Ref. 1, its ”objective impact” would have 
been much closer to the admittedly subjective but arguably more appropriate 
evaluatibn presented here. 
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FIGURE 1. Effect of carbon surface functionality on the performance of sulfided Mo/C 
catalysts: (a) oxidative treatments; @) nitriding treatments (from Ref. 1). 

Carbon: 10 citations 
Applied Catalysis A: 3 
Fuel: 3 
Chem. Phys. Carbon: 2 
Advances in Catalysis: 1 
Bull. Soc. Chim. Belg.: 1 
Catalysis Survey in Japan: 1 
Catalysis Today: 1 
Chemistry of Materials: 1 
Collect. Czech. Chem. Corn.: 1 
Energy &Fuels: 1 
Fuel Processing Technology: 1 
Journal of Catalysis: 1 
J. Colloid Interf. Sci.: 1 
J. Anal. Appl. Pyml.: 1 
Polish Journal of Chemistry: 1 
Przem. Chem.: 1 
Solid State IoNcs: 1 

FIGURE 2. Summary of the Citation Index search for Ref. 1, as of June 2000. 
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FIGURE 3. Summary of the influence of carbon surface functionality on the dispersion 
(and thus catalytic activity) of carbon-supported catalysts: (a) intermediate dispersion 
(activity); @) high dispersion (activity); (c) low dispersion (activity). 
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Abstract 
A series of coal liquefaction with bottom recycle was performed using FeNi catalyst supported 
on carbon nanoparticles( Ketjen Black: KB) at 450’C for single-and two-stage. In the single- 
stage, FeNi/KB catalyst gave excellent catalytic activity providing oil yield over 74% with 
successful reduction of catalytic loading to 0.15 wt% Fe and 0.15 wt% Ni d.a.f coal base. 

Keywords. coal liquefaction; bottom recycle; iron nickel supported on KB 

Introduction 
The main key of catalyst cost reduction for direct liquefaction of coal are recovery and 

repeated use of the catalyst. The major difficulty for the catalyst recovery comes from the 
mineral presence in coal. There are two approaches for catalyst recovery and regeneration. The 
first one is to eliminate or reduce the mineral in the coal, and another one is to design catalysts of 
ultrafine particle size and low specific gravity for recovery.’ 

Dow Chemical Co developed very small particles of molybdenum sulfide used as catalysts 
and were recovered and recycled with a novel hydroclone process.’The catalyst support can also 
provide such functions. The authors proposed a novel type of liquefaction catalyst with high 
activity and functions for recovery and repeated NiMo and FeNi sulfides supported on 
particular carbon nanoparticles are catalysts, which can provide high distillate yields and can be 
separated from the solid residue by gravimetric separation for repeated use. 

to recycle non-distillate coal liquefaction products back to the initial stage of the process, which 
is termed as bottom recycle.’ It has been recognized that large polycondensed aromatic rings 
from non-distillate products are very effective to disperse solvents for the very polar initial 
products of coal dissolution. Moreover, they can be hydrogenated easily to hydro aromatic 
structures, and have ability to shuttle hydrogen between unreacted coal, reacting molecules, and 
solvent components.8*’ 

In the present study, liquefaction of Tanito Harum and Adaro coals (Indonesian coals) was 
performed by using FeNi/KB catalyst to examine the effect ofbottom recycle on the oil yield and 
the performance of H-donor (tetralin). 

, 
One of the major contributions for recycle of the catalyst or drastic reduction of its amount is i 

I 

, 

Experimental Section 
Catalvst and Materials 

A prescribed amount of Ketjen black was dispersed in methanol by ultrasonic irradiation for 
15 min. Then, iron(I1) fumarate and Ni(N03)2 dissolved in methanol were mixed to the KB- 
methanol slurry with a small amount of nitric acid (1% vol.) as an additive to prepare FeNi/KB 
catalyst. The slurry was dispersed by ultrasonic, and then, heated at 40’ C for 2 h before the 
slurry was dried at 120 ‘C for 12 h in vacuo. The catalyst was presulfided by flowing 5% vol 
H2S/H2 at 360 ‘C for 2 h prior to the reaction. 

The elemental analysis of Tanito Harum coal is summarized in Table I .  Commercially 
guaranteed grade tetralin (TL) was used as liquefaction solvent. 
Liquefaction Procedure. 

Coal liquefaction was performed in an electromagnetic-driven autoclave of 50 ml capacity at 
450’ C for single stage, 380’ C and 450’ C for two-stage liquefaction.’’Three grams of coal, 3 
grams of solvent, and 0.09 grams of catalyst were charged to the autoclave.’’ The single- and 
two-stage liquefaction was performed under 15 MPa of hydrogen pressure. The heating rate to 
the reaction temperature was 2O0C/min. The stirring speed was 1300 rpm. For two-stage 
liquefaction, the first stage was performed at 380’ C for 15 min, and then the reactor was cooled 
down. Hydrogen gas was renewed after releasing out gaseous products. The second stage 
reaction was carried out at 450’ C, I5 MPa for 105 min. 

The liquefaction with repeated use of catalyst was done by recycling asphaltene. 
preasphaltene, residue, and used catalyst from run Ito mn 2 after they was separated from oil as 
illustrated in Figure I .  The liquefaction with bottom recycle was performed in 7 runs as 
illustrated in Figure 2. After the third run, a third of asphaltene, preasphaltene, residue, and used 
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catalyst was purged to prevent the accumulation of ash and unconverted materials. The 
remainder was recycled to the following run. To keep the the sulfidation state of the catalyst, CS2 
was added in every mn1.12 

The liquid and solid products of coal liquefaction were recovered with THE After THF was 
removed by evaporation, the product was extracted in sequence with n-hexane, acetone, and THF. 
The n-hexane-soluble (HS), hexane-insoluble but acetone-soluble (HI-ACS), acetone-insoluble 
but THF-soluble (ACI-THFS), and THF-insoluble(THF1) substances were defined as oil(0) and 
solvent, asphaltene(A), preasphaltenegA)), and residue@) ,respectively. The gas yield was 
calculated by weight difference between initial coal and recovered product. The oil yield was 
calculated by subtracting the solvent weight from the total weight of HS. The reaction under the 
Same conditions was repeated at least three times to make sure the experimental resulst that were 
within Iwt% daf coal base, 

Results and Discussion 
Recvcle of Heaw Residual Product and Repeated used of F e N m  catalvst 

Table 1 describes results of residual product recycle in the single-stage liquefaction of Tanito 
Harum coal with FeNi/KB catalyst using process as illustrated in Figure 1. The liquefaction 
process in run 2 gave 69% oil yield that was comparable to that of run 1. It must be noted that 
there was no addition of fresh catalyst in run 2. It means that the activity of repeated use of 
FeNi/KB catalyst in run 2 was still high enough. Moreover,the oil yield was increased by 
hydrogenation of asphaltene and preasphaltene. The asphaltene, preasphaltene, and residue yields 
in the run 2 was average value of run 1 and 2. 
Effects of Reaction Procedure with Bottom Recvcle Mode on the single-stage Liauefaction 

Figure 3 describes effect of reaction process results in the single-stage liquefaction of Tanito 
Harum coal with FeNilKB catalyst. The liquefaction yields from single run were showed in 
Figure 3a, and the yields from liquefaction with bottom recycle were showed in Figure 3b. 

The liquefaction with heavy residual recycle was performed in 7 successive runs(see Figure 
2). In the,run 1 to 3, the liquefaction was done by utilizing bottoms recycle without purging to 
obtain the recycled catalystlfresh catalyst ratio of 2. The liquefaction with bottom recycle 
provided average oil yield of 74%, which was 5% higher than that of liquefaction without bottom 
recycle. It is also be noted that the liquefaction only used fresh catalyst of 0.045 g each run 
compared to liquefaction without bottom recycle that used 0 09 g catalyst. It was suggested that 
high recycle ratio (recycled catalyst/fresh catalyst ratio) can improve significantly oil yields. 

Table 3 shows liquefaction yields from liquefaction of Tanito Harum coal with bottom 
recycle each run The lowest oil yields was obtained in the first run, which only carried the total 
catalyst of 0.045 g. In the second run, the oil yield highly improved in line with the addition of 
fresh catalyst. The highest improvement of oil yield occurred in this run followed by increasing 
gas yield reaching 18%. Large oil yield may be due to the conversion of asphaltene and 
preasphaltene sent from the first run 

The highest oil yield occurred in the third run. In this run, the total catalyst (fresh and used 
catalyst) reached 0.135 g. The highest oil yield in this run may be caused by a number of total 
catalyst that still had high activity and heavy residual products from previous runs. After the 
third run, the oil yield tended to decrease down to 74%, which showed the decrease of the 
catalyst activity. The oil yield appeared to be constant from the fifth run. In those run the activity 
of catalyst and a number of heavy residual products recycled become stationary 

Table 4 summarizes the conversion of tetralin into napthalene after liquefaction of 60 min at 
45OoC, 15 MF'a. Single-stage liquefaction with bottom recycle in the second run allowed 16% 
conversion that was much lower that that of liquefaction without bottom recycle (21% 
conversion), indicating that polynuclear aromatic ring of crude liquid bottom can aid in utilizing 
gaseous hydrogen. However, in the sixth run allowed 20% conversion inspite of higher total 
catalyst than that of the second run. This indicated the decrease of catalyst activity in the run .  
Effects of Reaction Procedure with Bottom Recvcle Mode on the Two-stage Liauefaction 

Figure 4 illustrates results of the two-stage liquefaction of Adaro coal with FeNi/KB catalyst. 
The liquefaction yields from single-stage, two-stage, and two-stage with bottom recycle was 
showed on Figures 4a, 4b, and 4c respectively. Single-and two-stage liquefaction of Adaro coal 
provided 68% and 80% oil yields respectively (see Figure 4a and 4b). The two-stage liquefaction 
with bottom recycle provided average oil yield of 82% that was 2% higher than that of 
liquefaction without bottom recycle. The combination of two-stage and bottom recycle gave very 
high oil yield. 

Table 5 summarizes gas and oil yields from two-stage liquefaction of Adaro coal with bottom 
recycle in several runs. The highest oil yield occurred in the third run. After the fifth run, the oil 
yield tended to be constant. 
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Conclusions 
The liquefaction of coal with bottom recycle mode in the present study successfully improved 

oil yield, hydrogen transfer effxciently, and reduction of catalyst amount required. In this 
procedure, FeNi catalyst supponed on carbon nanoparticles showed an excellent catalytic 
activity in the liquefaction with bottom recycle mode that can keep its activity in the repeated use 
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Table 1 Elemental Analyses of Coals Used in The Present Study 
I__^ _I 

C" H' N" 0" , S" Ashb H/C 
.. ,.. .. ....._...,......... ..... ................ ......... ..... .............. ..................... ........... ........... ... ........ ... ........ . .. ................................... .. 
Adaro Coal 66.6 5.3 0.9 26 7 0.44 3.0 0.96 

TanitoHammCoal 71.2 5.5 1.6 21.7 0.16 3.9 0.93 ______ _____--_.__._. -._I." "".."l-..""ll_".-" __I.--- 
in Wt YO (d.a.f) 

Table 2 Liquefaction yields from Single-stage Liquefaction of Tanito Harum Coal with 
Repeated used Catalyst 

Run Total catalyst Gas Yield Oil yield Asp" Preasp" Residue" 
g ..__I__._._..._ \El!..'. ............... wt..:!? W!. .:/o ..... ..... wt..n/,., Y!..:h..- ... 

15 lll_--l".. 69 IO 5 1 . .  

1 0 09 15 69 
2 0.09 

I ~ - I _ -  

average value of run 1 and 2 
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Table 3 Liquefaction yields from Single-stage Liquefaction o f  Tanito Harum Coal with 
Bottom Recycle 

Run Total catalyst Gas Yield Oil yield Asp Preasp Residue 
Wt % W t  Yo W t  % W t  % Wt Yo 
(d.a.9 (d.a.0 ( d.a.9 ' (d.a.f) (d.a.9 

g 

1 0 045 14b 67 
2 0 09 18 ' 75 

1" 
4 0 135 15' 76 7 2 ' I '  1 '  5 0 135 I 5  74 
6 0 135 I 5  74 
7 0 135 15 74 9 b  2 b  I b  

': I b  

b". 2 b  1 '  

3 0 135 16' 17  7'; 

., average value of run 1, 2, and 3 
relative value of each run based on its coal feed 

Table 4 Conversion of Tetralin during Coal Liquefaction " 

Reaction Process Total Catalyst Tetralin Conv 
g . .X'd - ...... 

Single-stage 0.09 21 

Single-stage with bottom recycle' 0.135 20 
Single-stage with bottom recycleb 0.09 16 

Reaction Condition : 45OoC, 60 min, 15 MPa; stirring speed : 1300 wm. 
in the second run (see table 3) b .  

e in the sixth run 

Table 5 Gas and Oil Yields from Two-stage Liquefaction 

of Adaro Coal with Bottom Recycle 

Run Total Catalyst Gas Yield" Oil Yield' 
..................................... g ....................... W!..?! .............. ...w !..a/. ....... 

1 0.045 13 74 

2 0 09 19 84 

3 0.135 14 87 

4 0.135 14 85 

5 0.135 14 85 

6 0 135 15 81 

7 0.135 15 81 
.-- 

a relative value of each mn based on its coal feed 

Oil Yield (Run 1) Hydrogen +"J ~ 

Tetralin 
Catalyst Preasp 

;:idue 

Separation Q ASP Oil Yield (Run 2) 

Preasp 
Residue 

Hydrogen 

Coal 
Tetralin 

Figure 1 Coal liquefaction process in series 
, 
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a Oil Yield 
b Feed of coal0 g), tetralin(3 g), and catalyst(0.045) 
c Yields of Asphaltene, preasphaltene, repeated use catalyst,and residue 
d Purge of asphaltene, preasphaltene, used catalyst, residue 
e Last output of oil, asphaltene, preasphaltene, and residue 

Figure 2. Liquefaction Process with Bottom Recycle 

0% 20% 40% 60% 80% 100% 

, 

(a) I 

oGas OOil HAsp DPreasp  residue 
Figure 3. Effects of reaction process in the single-stage liquefaction of Tanito Harum coal with 
FeNiKE3 catalyst, reaction conditions: 4SOoC, 15 m a . .  Reaction processes: (a) Single stage at 
60 min (b) Single-stage with bottom recycle performed for 60 min as given on Fig.2. For (a) 
coaVsolventlcatalyst = (3 g)/(3 g)/(O.O9g) and (b), coal/solvent/catalyst = (3 g)/(3 g)l(0.045 g) 

0% 20% 40% 60% 80% 100% 
L I 

o G a s  DOil  BAsp EIPreasp EResidue 
Figure 4. Effects of reaction process in the single- and two-stage liquefaction of Tanito Harum 
coal with FeNi/KB,. Reaction Process: (a) is single-stage, and (b) is two-stage while (c) is two- 
stage with bottom recycle as given by Figure 2. Reaction times: (a) single-stage at 60 min; (b) 15 
min at the first stage and 105 min at the second stage; (c) I S  min at the first stage and 105 min at 
the second stage each run. For (a) and (b), coallsolventlcatalyst = (3 g)/(3 g)/(O 09 g); For (c). 
coallsolventlcatalyst = (3 g)/(3 g)/(O.O45 9).  
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INTRODUCTION 

Lumped parameter kinetic models have successfully been used to describe industrially significant 
and complex chemical processes such as catalytic cracking (e.g. l), catalytic reforming (e& 2) and 
addition polymerization (e.g. 3). The complexity of the liquefaction process has necessitated the use 
of this approach in studying the thermal and catalytic pathways of this process. In this work, the 
lumped parameters used are the standard solubility class: a) oil plus gases (O+G), b) asphaltenes and 
preasphaltenes (A+P) and, c) coal insoluble organic matter (IOM). The lumped solubility classes 
produced from the thermal liquefaction of a large number of US. bituminous coals were plotted on 
a ternary plot. The resulting data suggested a common pathway for all of the bituminous coals. A 
Wyodak coal was also studied to determine the pathway of a subbituminous coal for comparison. 

EXPERIMENTAL 

The description and the range of values of some of the key coal properties of the 69 high volatile 
bituminous coals used in the initial study are given in Table 1. The properties of the three. coals (W. 
Ky. #9, W. Ky. #6 and Wyodak) used in the more extensive studies are given in Table 2. 

All of the liquefaction experiments were done in 50 mL batch microautoclaves using a hydrogen 
atmosphere. Details of the liquefaction procedure and solubility class determinations are given 
elsewhere (4). In this work, oils are defined a pentane solubles, asphaltenes are benzene soluble and 
pentane insoluble, preasphaltene are pyridine soluble and benzene insoluble and IOM are pyridine 
insoluble. In the catalytic experimehts, all catalysts, with the exception of Shell 324, were sulfided 
in-sim by adding twice the stoichiometric amount of dimethyldisulfide required to sulfide the metal 
of the catalyst. The Shell 324 catalyst was presulfided prior to the additions of coal and liquefaction 
solvent to the reactor. 

RESULTS AND DISCUSSION 

The lumped parameters obtained from the thermal liquefaction of the initial 69 coals at a 15 min. 
residence time and three reactions temperatures (385°C. 427"C, 445OC) were plotted in a ternary 
graph (Figure 1). These data suggest a common liquefaction pathway for all of the coals. A Westem 
Kentucky#6 and #9 were selected to verify the apparent pathway. Reaction conditions were selected 
to cover a maximum range of conversions. 

The thermal liquefaction pathway of the W. Ky. #6 coal is shown in Figure 2. As can be seen in 
Figure 2, the thermal pathway over a large range of conversions is identical to the pathway suggested 
in Figure 1 for the diverse set of coals. There appears to be two distinct stages in the liquefaction 
of these coals. In the initial stage, the primary reaction is the conversion of the coal to asphaltenes 
plus preasphaltenes. This reaction continues until the A+P and coal conversion reaches a maximum 
yield. During this stage, the oil plus gas yield remains relatively constant. In the second stage of the 
thermal pathway, the primary reaction is the conversion of A+P to Offi. The coal conversion 
increases very little in this stage of the pathway. At the higher temperature and long residence times, 
the pathway appears to change again. Both the 0 4  and A+P yields decrease suggesting the 
possibility of retrograde reactions are taking place. These results suggest that these bituminous coals 
have a common thermal liquefaction pathway. 

The pathway defined for the bituminous coals indicates that a maximum in the A+P yields is 
achieved before there is a substantial increase in the O f f i  yield. It is desirable to change the pathway 
in such a manner as to achieve increases it the O f f i  yield as coal conversion increases. A supported 
catalyst (Shell 324) and an oil-soluble catalyst precursor (molybdenum naphthenate) were utilized 
in an attempt to favorably alter the liquefaction pathway to increase the Offi yields as coal 
conversion increases. The same W. Ky. #6 sample was used in the catalytic studies. The results of 
these experiments are shown in Figure 3. The pathway defined using both catalysts are similar to 
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the defined thermal pathway for this coal. The major effect of catalyst addition on the pathway is 
to increase the rate of production of the intermediate, A+P, and has no major effect on the selectivity 
defined by the solubility classes. Therefore, the observed data for the thermal and catalytic processes 
of the bituminous coals are consistent for the following series of reactions: 

IOM -+ A+P -+ O f f i  (1) 
A subbituminous Wyodak coal was studied next to determine if the lower rank coal has the same 
thermal and catalytic pathway as those defined for the bituminous coals. The results of similar 
experiments performed for the Wyodak coal are shown in Figure 4. Both the thermal and catalytic 
pathways defined for the Wyodak coal are significantly different from the pathways defined for the 
bituminous coals. For the subbituminous coals, as conversion increases, there is a parallel increase 
in both the O f f i  and A+P yields. These yields continue to increase until a maximum in coal 
conversion is achieved. The major reaction taking place after these maxima have been achieved is 
the conversion of A+P to O+G with little additional coal conversion taking place. This stage is  
similar to the second stage of the bituminous coal pathway. The addition of a catalyst does not alter 
the subbituminous coal pathway (Figure 4). As was observed with the bituminous coals, the addition 
of a catalyst only increases the rate of production of the intermediates and does not alter the 
selectivity defined by the thermal pathway. 

CONCLUSIONS 

The utilization of a lumped solubility class parameters plotted on a ternary plot show that the 
bituminous coals studied have a common liquefaction pathway. Attempts to change thermal , 
pathway by catalyst addition were unsuccessful. The addition of a catalyst only increased the rates 
of production of products. The addition of a catalyst had no effect on the selectivity defined by the 
pathway. 

The pathyay defined for a subbituminous coal was significantly different than that defined for the 
bituminous coals. For the subbituminous coal, as conversion increases in the first stage, both the 
0 4  and A+P yield increase. In the first stage for the bituminous coal only the A+P yield show a 
substantial increase in yield with conversion and the O+G yields remain fairly constant. The second 
stage of the pathway for the subbituminous coal, the primary reaction in the conversion of A+P to 
O+G which is similar tot he second stage of the bituminous coal pathway. The addition of a catalyst 
to the subbituminous coal had no effect on the selectivity of the pathway. 

ACKNOWLEDGMENT 

This work was supported by the Commonwealth of Kentucky and DOE contract #DE-FC88PC8806. 

REFERENCES 

1. 
2. 
3. 
4. 

Weekman, V. W., AIChE Monograph Series, 75 (1979). 
Smith, R. B., Chem. Eng. Prog., 55 (1959). 
Platzer, N., Ind. Eng. Chem., 62 (1970). 
Keogh, R. A., Hardy, R. H., Taghizadeh, K., Meuzelaar, €3. L. C. and Davis, B. H., Fuel 
Proc. Tech., 37 (1994). 

Table 1 

Make-up of Sample Set and Range of Key Properties 

A. Distribution of Samples by State: I B. Distribution by ASTM Rank Classification: 

Kentucky 
Indiana 
Ohio 
West Virginia 
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Ultimate (wt.%., daf) wyodak 1 
Carbon 82.87 

Hydrogen 5.42 

I Table 2 I 
W. KY. #6 W. Ky. #9 

76.80 71.02 

5.41 5.42 

Nitrogen 

Sulfur 

Oxygen' 
I 

1.72 1.90 1.31 

5.15 8.41 1 .oo 
4.84 7.40 21.29 

Reflectance (R0& 

Asphaltcnca + Prcasphaltcnea 
(~1.5%. daD 

_ _ _  .I7 .54 

Figure 1. Solubility class distribution of the liquefaction products obtained from the thermal 
dissolution of bituminous coals sing a 15 min. residence time, 3 reactions 
temperatures (385"C, 0; 427"C, A, 445'C, 0) and a Hz atmosphere (ca. 2000 psig @ 
445OC). 
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Asphaltcnes + Preasphaltcncs 
(wt.%, daf) 

Figure2. The thermal liquefaction pathway of a W.Ky. #6 bituminous coal using a H2 
atmosphere (ca. 2000 psig @ 445'C) using various reactor temperatures and 
residence times (325OC and 2.5 min., 1; 5 min., b; 10 min., c; 15 min., d; 20 min., e; 
30 min., f; 40 min., g; 60 min., h; 385°C and 5 min., i; 15 min., j; 30 min., k 60 min., 
1; 90 min., m; 427°C and 5 min., n; 15 min., 0; 30 min., p; 60 min., q; 445°C and 5 
min., r; 15 min., s; 30 min., t ) .  

Asphaltenes + Preasphaltenes 
(wt.%, daf) 

Oils + Gases 20 40 60 80 IOM 
(at.%, daf) (wt.46, daf) 

Figure 3. The catalytic liquefaction pathway of a W.Ky. #6 bituminous coal using a H2 
atmosphere (ca. ZOO0 psig @.445'C) and a Shell 324 catalyst (385'C and 5 min., I; 
15 rnin., J; 30 min., K; 60 min., L; 427°C and 5 min., N; 15 min., 0; 30 min., P; 
445°C and 5 min., R; 15 min., S; 30 min., T; 60 i n . ,  U) and a molybdenum 
naphthenate catalyst (385°C and 5 min., i; 15 min., j; 30 min., k; 40 min., I; 427°C 
and 15 min., 0). 
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Asphaltencs + Preasphaltsnes 
(wt.%, dan 

Figure 4. 

, 
Thermal and catalytic liquefaction pathway for a Wyodak coal using a H2 atmosphere 
(ca. 2000 psig @ 445OC) and a number of different reactor temperature and residence 
times (No catalyst: 385°C and 5 min., A; 15 min., B; 30 min., ; 427°C and 15 min., 
D; 30 min., E 60 min., F; 445°C and 5 min.. G; 15 min., H. 30 min.. I; ultrafine 
Fe,O,: 385°C and 15 min., 1; 30 min., 2; 427°C and 15 min., 3; 30 min., 4; No 
naphthenate: 385°C and 5 min., a; 15 min., b; 427°C and 30 min., c; 60 min., d). 

\ 
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MOLECULAR COMPOSITION OF COAL LIQVn, OIL CHARACTERIZED BY 
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Heteroatom-containing species in the coal liquid oils (CLO) were identified and 
quantified by the aid of gas chromatography with atomic emission detector (GC-AED). Four 
different CLOs from different rank coals, processes and cut points were investigated in the 
present study. Thiophene and its derivatives were found to be the major s u l k  compounds, 
pyridines and anilines, and phenols were the major nitrogen and oxygen compounds, respectively 
in the oils of boiling range < 300 "c. An oil of boiling range (300 - 420°C) carried more 
dimethyldibenzotbiophenes and benzoquinolines. The correlation between feed coal and liquid 
product was discussed in terms of the compositions of heteroatomic compounds. 

Key words: coal liquid oil, heteroatomic compounds, GC-AED 

INTRODUCTION 
Coal liquefaction has been expected to supply liquid transprtation fuels to moderate the 

indispensable dependence on the petroleum products since the supply of crude oil may not meet 
the increasing demand in near future [I]. Coal Liquid oil (CLO) of gas oil fraction tends to carry 
more heteroatoms such as sulfur, nitrogen and oxygen than the corresponding petroleum product 
[2]. Higher content of such heteroatoms causes serious problems to produce the pollutants, and to 
cause the poor stability in storage. Furthermore, they may play as inhibitor and poison in the 
catalytic refining processes, where molybdenum or tungsten sulfide promoted by cobalt or nickel 
supported on alumina or silica alumina have been usually applied as catalyst [3-6]. 

It is very necessary to quantify the heteroatom-containing molecular species in the coal 
liquids to clarify their chemical roles and behaviors in the hydrotreatment. Molecular level 
analyses of sulfur species in gas oil and their reactivity have been reported [7l. Although GC-MS 
can be applied to measure all species, identification of all molecular species is very tedious. 

The present study repom the distribution of heteroatom containing compounds (sulfur, 
nitrogen and oxygen) in CLOs by the aid of gas chromatography equipped with atomic emission 
detector (GC-AED). AED is a multielement detector that can measure more than 20 elements 
[8,9]. Recently it has been applied to the quantitative analyses of su lk ,  nitrogen compounds in 
gas oil and metal containing compounds in vacuum gas oil [lo]. Molecular distribution of 
heteroatom species may reflect compositional characteristic of starting coal, efficiency of 
liquefaction process for heteroatom removal, and their cutting point. 

r 

f 

EXPERIMENTAL 
Coal liquids samole 

Crude liquid oils used in this study were supplied from liquefaction pilot plants in Japan, 
using 4 coals as listed in Tablel. Analyses of 4 raw coals are summarized in Table 2. Basic and 
non-basic fractions of SBCL-B were separated by acid extraction. 

Gas ChromatoeaDhv with Atomic Emission Detector 
The identification of heteroatom containing compounds in the CLO was carried out 

using a HP 6890 with splitkplitless injector port gas chromatograph (GC) with a HP G2350A 
atomic emission detector (AED) system. The chromatographic separation was done on a 30 m 
HP-1MS 0.32 internal diameter capillary column with film thickness of 1.0 pm (HP). 

Carbon, sulfur, nitrogen and oxygen atomic emissions at 179, 181, 174 and 171 nm 
were used to obtained the high selectivity. Two injections of 1 wl were carried out with every 
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Sample. The first injection was for determination of carbon, sulfur, nitrogen, while the second 
one Was for oxygen. Hydrogen was used for the major reagent gas for both analyses. Oxygen and 
pure methane was added for the former analyses while 10 % methane in nitrogen was for latter 
analyses. The Hp AED ChemStation was used to control the GC-AED and to perfom the data 
acquisition and peak integration. 

Results 
Figure 1 shows the carbon, sulfur, nitrogen, and oxygen chromatograms of SBCL 

measured by GC-AED. Thiophenes, and dibemthiophenes derivatives were the major 
compound identified in the SBCL. Pyridines, aniline and phenols and their derivatives were 
nitrogen and oxygen compounds respectively. 

The carbon chromatograms from 4 CLOs are shown in Figure 2. The sample contained 
paraffinic hydrocarbon up to c 1 7  for SBCL-A because of its end point of 300 “C, and C12 for 
the others of cutting point of 260°C. Cg and Cio were found to be the highest peak found in the 
tatter samples. Chromatograms of sulfur compounds in coal liquid distillates are illustrated in 
Figure 3. The sulfur species observed in CLOs were mostly thiophene and alkyl-substituted 
thiophenes. Thiophene content in SBCL-A was relatively small compared to those of the others 
three CLOs. Benzothiophene and its derivatives appeared in SBCL-A at longer retention times 
corresponding to their higher boiling points. Figure 4 illusmtes the nitrogen chromatograms. The 
nitrogen components identified in CLO were mostly pyridine, aniline and their derivatives. 
Quinoline, indole and alkyl-substituted indoles were found only in SBCL. 

The chromatograms of oxygen species in coal liquid distillates are illustrated in Figure 5. 
Phenols and alkyl-substituted phenols were the major oxygen compounds found in CLOs, 
although dibenzofuran was identified only in SBCLA. 

Chromatograms of SBCL-B are illustrated in Figure 6,7 and 8 for carbon (hydrocarbon), 
sulfur and nitrogen, respectively. SBHD contained para5inic hydrocarbon of C17 to C29. 
Dibemthiophene (DBT) and its derivatives were found as major sulfur species. Basic nitrogen 
species identified in SBHD are mostly aniline, quinoline, benzoquinoline and their derivatives. 

Discussion 
GC-AED was cont3n1 to be able to identify basically all moleculm species in CLO of 

boiling range up to 420 “C.The content and distribution of heteroatoms containing species in 
CLOs appear to reflect the liquefaction process, rank of feed coals as well as boiling range 
although very similar species were usually contained. Sulfur levels of South Banko, Adaro, and 
Ikeshima oils were much the same around 0.1 wt?? except for Tanitoharum, although the 
contents of sulfur in the raw coals were significantly different. The distributions of sulfur species 
in the former three oils are different. SB carried dimethyl, trimethyl BT and dibenzothiophene in 
the boiling range < 300 “c, while Adaro and Ikeshima oils did not canyed. TH oil carried 
similar species to those of Adaro and Ikeshima, although the sulfur level of the former oil was 
certainly less than the latter oils. Major difference was observed in the content of thiophene. 

Nitrogen content appears more different in oils. The CLO carried nitrogen of 0.4 - 0.9 
wt%, which was much larger than Sulfur. The CLOs of the same boiling range appear to cany 
the respective nitrogen content, which reflected the contents of the raw coals. The distribution of 
nitrogen species in the four oils is similar although SB carried quinoline and indoles due to the 
higher boiling range. TH oil carries more aniline, methyl and dimethylanilines compared to 
others. 

Oxygen contents in CLO reflected the oxygen contents in the starting feeds. CLO 
carried oxygen of 1 - 3.7 wt??, which was the largest heteroatom found. SB of the highest 
oxygen content produced the much oxygen compound in the oil. The three feed shows the 
similar content. During liquefaction processing, most of oxygen were found phenols, 
Dibewfuran believed to be refractory oxygen species was found only in SB. 

The representative aromatic and non-aromatic fraction of SBHD as illustrated in Figure 
6, were clearly separated according to the standard procedure of ASTM D-2549. The percentages 
of aromatic and non-aromatic fraction were 82.1 and 17.9 wt%, respectively. It is clear that the 
humping reflects the aromatic fiaction. Overlapped peaks of aromatic, condensed 
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napthenic-aromatic, aromatic olefin and heteroatom species such sulfur, nitrogen and oxygen 
lead to the bumping. Non-aromatic fraction contains a series of normal paraffins. 

The higher boiling point of SBCL-B contained much complex heteroatoms and mostly 
refractory species. 4-methyldibenzothiophene (6lppm) and 4b-dimethyl dibewthiophene (12 
ppm) of refractory sulfur species were clearly identified. Eenzoquinoline and its derivative also 
identified as the major nitrogen species. Such complex heteroatom compounds with three or 
more benzene ring believed to be difficult to remove by catalytic up grading, using conventional 
commercial catalyst. Inhibitor such oxygen compound and basic nitrogen species in CLOs, 
forces us to design better catalyst and better process for upgrading such a crude in a current 
transportation fuel. 

Conclusions 
0 Gas chromatography with atomic emission detector is very powerful for characterization and 

identification heteroatom species of whole molecular species in petroleum and coal liquid 
oil. 

0 Thiophenes, benzothiophene as sulfur compound, pyridine, aniline as nitrogen compounds, 
phenols as oxygen compound were identified in CLOs of lighter boiling point. 
Dibenzothiohene, quinoline, indole, dibenzoquinoline, dibenzofuran and their derivatives 
were only found in SB due to its higher cutting boiling range. 
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Table 1. Ultimate analyses of CLOs 

SouthBanko(SBCLA) NBCL <300 84.97 10.37 0.84 0.09 3.74 1.46 

Tanitoharum(THCL) NEDOL <260 86.84 10.84 0.84 0.05 2.23 1.50 

- CLO 

SouthBanko(SBCL-B) NBCL 300-420 87.89 9.29 0.77 0.07 1.98 1.27 
Adaro (ADCL) NEDOL <260 87.78 10.16 0.35 0.10 1.61 1.39 

a : wt?h ; diff : differences 

Table 2. Analyses of raw coals 

coal C" Ip N" sa O(di@ wc 
South Banko coal 71.3 5.4 1 3  0 5  21 5 ' 091 ... - ~~ 

Adaro coal 74.2 5.2 0.9 0.0 19.7 0.84 
Tanitoharum coal 75.9 5.8 1.8 0.2 16.3 0.92 

a : wt?h ; diff : differences 
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Behavior of additives on the coal solubility and aggregation 

Chong Chen' and Masashi Iino 
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Sendai 980-8577, Japan 

Abstract 
A very small amount ofadditives significantly increases the extraction yield of Upper 

Freeport coal in W / C S 2  mixed solvent from 63% to 78-84%. Twenty additives were 
tested. The most effective ones are TCNE, TCNQ, PDA, 1,1,2,3,3-pentacyanopropenide 
(PCNP) and acetate anion. In addition, the effect of PCNP anion and acetate anion on the 
aggregation of coal extract was observed by Size Exclusion Chromatography. The result 
indicates that anions prevent the aggregation of the coal extracts. 

Introduction 
NMP/CS2 mixed solvent has good extractability for some bituminous coals, e.g., -60% 

for Upper Freeport coal and Zao Zhuang coal'. The purpose of adding additives into this 
mixed solvent is to further increase the coal solubility. Some of them increase the 
extraction yield of Upper Freeport coal from -60% to -80%2*3. Unfortunately, only a few 
additives are effective among the twenty additives we tested. In addition to their effect on 
coal extractability, some additives also prevent the aggregation coal molecules in 
solution, which was investigated by Size Exclusion Chromatography (SEC). The effect of 
TCNE on coal aggregation is hard to observe by SEC because of the strong interaction of 
TCNE with the polystyrene column4. Some anionic additives si nificantly increase coal 
extractability. They do not strongly interact with the column! Their effect on coal 
aggregation was investigated by comparing the SEC eluted by NMP or NMFVanionic 
additive. 

Experimental 
Extraction of coal with W / C S  2 containing additive was carried out according to the 

method described in ref. 1. All the additives are commercial product except for NMP- 
1,1,2,3,3-pentacyanopropenide (PCNP), which was prepared by the author'. 

SEC was run on the polystyrene column (7.8-300mm, particle size 13pm, TOSOH Co., 
Japan) and eluted by NMP and additive modified NMP with a flow rate of 1 .OmVmin. 

The effect of anionic additives on pyridine-phenol hydrogen bond was observed by 'H- 
Nh4R in CDC13. 

Results and discussion 
2 

with or without additives. Some of these additives are strong electron acceptors or 
donors. In previous works, the charge-transfer interaction between coal and additive was 
considered to be responsible for breaking coal-coal interaction. However, the correlation 
of the electron acceptability or donate ability with coal extractability did not support this 
assumption6. In addition, TCNE was found converted to PCNP anion in NMP. This anion 
was as effective as TCNE, although it is not an electron accepto?. The result rules out the 
formation of a charge-transfer complex between coal and TCNE as a main route to break 
coal-coal interaction. 

probably related to the interaction of TCNQ with solvent'. It is found that TCNQ forms 
radical anion in NMP but does not in THF and chlorobenzene. TCNQ is also effective in 
NMP but not in THF and chlorobenzene. TCNQ radical anion formed in NMP may have 
some relations with its effect on coal solubility. The mechanism is under investigation. 

extractability as shown in table 1. Their electron donating ability with increased coal 
extractability was also not well correlated'. Instead, the hydrogen bonding formed 
between additive and coal was thought to be a factor. Comparing the effect of aniline and 
dimethylaniline; PDA and TMPDA, methylated amines are less effective. The result 
indicates that hydrogen bonding formation may affect the extraction of coal, because 
dimethylaniline and TMPDA have weaker ability to form hydrogen bonds with coal. 

Table 1 presents the extraction yield of Upper Freeport coal extracted by N M P K S  

TCNQ is another effective additive. The pathway of its interaction with coal is 

Aniline and p-dimethyl-aniline() are also very effective in increasing coal 

* Current address: Department OfChemistry, Lehigh University, Bethlehem 18015. USA 
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Anion is an effective additive found recently 3 , 5 .  The most effective ones are PCNP 
anion and acetate anion. They increase UF coal extractability from 62% to 7844%.  
Hydrogen bonding with coal may also be a factor to break coal-coal interaction, which 
will be discussed later. 

fraction from coal extract that dissolves in NMF'/CS2 but not in pyridine. TWO PI 
fractions were prepared by different method. PI(]) was prepared by washing extract with 
pyridine under ultrasonic radiation at room temperature, while PI(2) was washed by 
pyridine with Soxhelt extraction, in which more pyridine solubles were 
removed(unfortunately, the accurate weight loss was not measured, roughly estimated 
about 10-20%). The solubility of the two PI in NMP/CS2 is significant different as 
shown in table 2. The more pyridine solubles is removed the lower solubility is. It seems 
that the PI(2) becomes more associated. Both PI fractions are associated by non covalent 
bonding, but the effect of these additive on them is different. TCNE is always the most 
effective one. Over 90% of PI was dissolved in NMP/CS2 with addition of TCNE for the 
two PI fractions. However, TCNQ, DDQ and others become less effective for PI(2). 
Some of them even cause stronger association of coal, and decrease the solubility of 
PI(2). The difference between PI(]) and PI(2) is that PI(]) still has more pyridine 
solubles which is difficult to remove at room temperature. In other words, PI(2) is heavier 
than PI(]). The major structure difference between PS and PI is that PI has higher 
heteoatom, OH content. Accordingly, PI(2) should have higher heteoatom, OH content 
and aromaticity, which may give rise to the stronger non-covalent interaction in PI(2). If 
the additive breaks the covalent bond to increase the coal solubility, their effect will not 
be so dependent on the lighter fraction(pyridine soluble) reminded in PI. These results 
demonstrate that additives break the non-covalent interaction but not the covalent bond in 
coal. 

Based on the observation of the structure of additives listed in Table 1, the effective 
ones usually have symmetrical and delocalized structure. Most anionic additives are 
effective. Among those effective additive, TCNE, TCNQ and aniline, PDA were well 
discussed. Here, we force our interest on organic anion, e.g., PCNP anion and acetate 
anion. 

investigated by SEC. The use of Nh4P as an eluent minimized the sample adsorption on 
the polystyrene columng-". The separation is mainly size based". The SEC 
chromatogram of coal extract exhibits bimodal peaks. The first one appearing near 
exclusion limit of the column is assigned to those stronger aggregated molecules5. 
Another one resolved b the column eluting at longer retention time corresponds to the 
less aggregated portion . Addition of small amount of PCNF' or acetate anion into the 
NMP eluent results in the disappearance of the peak near exclusion limit of the column, 
but no effect on the peak at longer retention time. This change indicates the size of coal 
molecular aggregates decreased. The effect of anion on coal molecular aggregation 
depends on the nature of the anion. Addition of LiBr into NMP eluent shifts all the peaks 
to longer retention time, which was considered due to the decrease of solvent solubility 
because some precipitates appeared in NMPLiBr". Addition of PCNP anion and acetate 
anion increases the Upper Freeport coal solubility in NMPICS? from 60% to 78% and 
84%, respectively, but addition of same amount of LiBr does not increase coal solubility 
at all. Accordingly, the change of SEC behavior by adding PCNP and acetate anion is due 
to the disruption of the coal molecular aggregation. The reversible effect of additive on 
SEC was also found. Some materials eluted near exclusion limit still appear when 
injection of the sample containing anion additive onto the column eluted by NMP. The 
result indicates a partial reversible aggregation of coal extracts. 

The mechanism of anion increasing coal extractability is under investigation. We are 
not very sure whether the new hydrogen bonds formed between coal molecules and anion 
will break the coal-coal interaction or not. The change of OH proton signal in NMR 
spec- of pyridine-phenol mixture by addition of 0.1% PCNP anion may provide some 
information for better understanding the mechanism of PCNP anion increasing coal 
extractability. As described in figure 2, for the pyridine-phenol mixture, hydrogen bonded 
OH proton shows a broad peak in low field. Addition of 0.1% PCNP anion (W- 
1,1,2,3,3-pentacyanopropenide) shifts of this proton signal up field appearing as a sharp 
peak. The result indicates that the chemical environment of this proton changed. 
Pyridine-phenolic OH hydrogen bond is a major hydrogen bond in coal. NMR result 

These additive are also effective in increasing the solubility of PI fraction, which is a 

The behavior of the two anionic additives on coal molecular aggregation was 

Y 
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indicates that PCNP anion affects this hydrogen bond. If this is related to coal solubility 
increase is awaiting hrther investigation. 
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Table 1 Extraction yield of Upper Freeg 
Extraction 

yield 

Additive(-0.2mmole/g-coal) 

No 
TCNE 
TCNQ 
DDQ 
1,2,4,5-Tetracyanobenzene 
Benzoquinone 

36-Dichloro-p-benzoquinone 

Additivesb Structure wt% 

Solubility of Pl(wt%) 

66.4 20.8 
99.5 89.5 
94.3 52.9 
88.8 6.9 
71.2 10.5 
76.1 10.2 
67.4 8.5 

PI(1) PI(2) 

TCNQ ::*: 80.0 

h i l i n e  eNH' 71.7 

Acetate CH,-C? 78.6 
d 

0 

d 

' @< 75.0 

d 

d 

OH' 66.1 

a'extraction yield with no additive added, 

t coal from NMP/CS? 
Extraction 

yield 
Additivesb Structure Wt% 

/H 53.9 
Nc>c =c,  

rn 

M D A  

CH30 61.8 

c* 49.7 

MmI: 49.8 
M 

39.3 0 
3%: b)amount of additive, -0.2mmoYa-coal; 

"from NMF'-1,1,2,3,3-pentacyanopropenide d, tekabutlyammonium salt. 
- 
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Figure 1.  Size Exclusion Chromatograph ofUF coal extract eluted by NMP(solid 
l i e )  and NMP containing anion additive(dot line). (a) additive, 5 m M  NMP- 
PCNP, detected by RI detector; (b) additive, lOmM Tetrabutlyammonium acetate, 
detected by W at 30Onm 

Figure 2. ShiR of hydrogen bonded proton(phenol-pyridine) by adding NMP- 
PCNP. Solvent, CDC13 
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AN IMPREGNATED ACTIVATED CARBON FOR THE SEPARATION 
OF VOC MIXTURES INTO THEIR INDIVIDUAL COMPONENTS 
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Universitk Pierre et Marie Curie - Case 124, CNRS, 4, Place Jussieu, 75252Paris. France 

F. Payot 
Laboratoire de Chimie du Solide MinCral, Universitk Henri Poincark BP 239 

54506 Vandoeuvre les Nancy, France 

Deposition of impregnation chemicals on the internal surface ,of suitable activated carbon 
optimizes the existing properties of the activated carbon for the chemisorption of certain gas 
pollutants giving a synergism between the chemicals and the carbon. Various qualities of 
impregnated activated carbon are available and have been used for many years in the fields of gas 
purification, civil and military gas protection and catalysis. For the manufacture of impregnated 
activated carbon, an activated carbon of suitable quality for the particular application is 
impregnated with solutions of salts or other chemicals which, after drying or other after-treatment 
steps, remain on the internal surface of the activated carbon. Usually, homogeneous distribution 
of the impregnating agents on the internal surface without any blocking of the micropores and 
macropores is considered to be important to keep the impregnation agent accessible for the 
reactants. However, in this case, the impregnated activated carbon is not selective : the adsorptive 
removal of further gas impurities can also take place. 

In this work, we propose a new impregnated activated carbon for the selective removal 
and the fractionation of VOC's mixtures in exhaust humid gas. One seeks to separate by 
adsorption and thermodesorption on activated carbon four organic solvents : chlorinated 
(dichloromethane : DCM, 1,2-dichloroethane : DCE) and oxygenated (methanol : MET, 
methylethylketone : MEK) present in low concentration (< 0.5 mole/m3) in wet air (c. 70% of 
relative humidity). While seeking to avoid any degradation, the solvents must be selectively 
trapped at ambient temperature. and selectively thennodesorbed by electric heating under a flow 
of nitrogen. Thermodesorption must perfectly regenerate the activated carbon in order to make it 
possible to apply a sequence of cycles of adsorption-desorption modulated in temperature. That 
implies a high selective adsorption capacity and a fast desorption at low temperature. 

A preliminary work undertaken on carbon adsorbents chemically activated with 
phosphoric acid (SA 1817 from Atochem and Picazine from Pica), or on activated carbon 
oxidized by a mixture of nitric and sulfuric acid, showed us that, after washing, the residual 
mineral acid (acid phosphoric or acid sulfuric) gave a beginning of selectivity to the 
carbonaceous supports : the chlorinated solvents (DCM, DCE) tend to be better retained on the 
acid loaded support than the oxygenated ones (MET, MEK). We took benefit from this 
observation by impregnating the carbonaceous support (activated carbons in grains or fiber) with 
a mineral substance (ZnClz) havinf acid properties by simple cold agitation in aqueous 
concentrated solutions (c. 1.25 g ml- ). Electron microscopy showed that the grains are coated 
with the product of impregnation and the adsorptiometry put in evidence that the impregnation 
plugs the whole porosity of the carbonaceous material. However the effect of the support is very 
important. Various supports were tested (powdered /granular from coal or coconut, carbon 
cloth). The best results were obtained with the most mesoporous activated carbons - for instance 
with a granular activated carbon prepared with the lignite of Lubstov (Poland) at the University of 
Wroclaw (Table 1). 

The most remarkable result is that on the ZnC12 impregnated CA, the DCM and the DCE 
are not retained at all, whereas methanol and MEK are trapped and completely desorbed by 
isothermal heating at 100 "C during a few minutes under a flow of nitrogen, while on the non- 
impregnated support, the peaks of desorption of the oxygenated VOC "strongly tails". The 
impregnated support remains perfectly stable during more than 15 cycles of adsorption in a flow 
of air charged with 70% moisture followed by a thermodesorption at 150°C under a nitrogen flow 
(Figure 1). The disadvantage of the method lies in the fact that the impregnation's product is 
toxic, corrosive and hygroscopic. That implies constraints of storage, and requires to use reactor 
protected from corrosion and to work in short cycles of adsorption-desorption. In fact, MEK 
breakthrough appears before that of methanol and water. The improvement of the process is 
currently in hand by seeking a better acidic substance of impregnation for the selective removal 
of ppm concentration of various VOC's and HAPS in humid effluents. 
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Table 1. Porosity parameters of the activated carbon (AC) before and after impregnation 

Pore volume, cm3 g" BET 
Micropores Mesopores Micro+Meso m2 

Non-impregnated AC 0.205 0.504 0.709 740 
ZnCl2 impregnated AC 0.028 0.057 0.085 17 

1 6  1 1 

DCM 
i 0.6 

0.4 
0.2 
0.0 i I 

0 10 20 30 40 50 60 
min 

DCE 1.2 

i 0.6 ::1--------\ , 1 
00 

0 10 20 30 40 50 60 
mi" 

Desorplion 
-5 ~~1 MEK , 1 
a 0.8 

0.4 Adsorption 
0.2 
0.0 

0 60 10 20 30 40 50 

mi" 

. 

B 0.8 
0.6 
0.4 
0.2 
0.0 

0 10 20 30 40 50 60 
mln 

Figure 1. Profile of dynamic adsorption at 25°C and desorption at 150°C of a mixture of 
dichloromethane (DCM), 1-2, dichloroethane (DCE), methylethylketone (MEK) and methanol 
(MEK) (individual VOC concentration : 0.2 mole /m3, water vapour concentration : 70% of the 
saturation pressure at 25"C, flow rate : 20 ml/min) on a column filled with 83 mg of ZnCl2- 
impregnated activated carbon (impregnation rate : c. 50 wt %, dashed line : 2"d adsorption- 
desorption cycle, solid line : 15" adsorption-desorption cycle). The adsorption stage is stopped at 
the breakthrough point of MEK. 
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ACTIVATED CARBON FIBERS AND FILMS PREPARED FROM 
POLY (VINYLIDENE FLUORIDE) BY USING A CHEMICAL CARBONIZATION 
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1. INTRODUCTION 
Activated carbons with excellent adsorptive properties have been used in many 

fields such as separation of mixtures and removal of contaminant impurities. The granular 
activated carbons have been produced mainly from palm shells and coal. As compared 
with the granular activated carbons, activated carbon fibers prepared from synthetic fibers 
have an advantage to process into various shapes such as fabrics and papers. Furthermore, 
high adsorption-desorption rate of activated carbon fibers is also advantageous. The 
activated carbon fibers produced by convential methods, however, are microporous and 
they are insufficient for the purpose of adsorbing large molecules. 

Recently, several attempts have been made to introduce mesopores into carbons. 
For example, mesoporous carbons have been obtained by steam activation of the carbons 
derived from mixtures of pitch and metal complexes [l-31. It is considered, however, that 
the metal residues in these carbons bring about unfavorable effects for the application to 
catalyst supports. Thus, new methods to prepare the mesoporous carbons free from metal 
complexes are required. 

The present authors have obtained carbon fibers and films with various average 
pore sizes by applying a combination of dehydrofluorination and high-temperature heat- 
treatment to poly(viny1idene fluoride) (PVDF) [4]. In this study, PVDF-based carbons 
derived with this method were further activated. The porous structure and adsorptive 
properties of the resulting activated carbons were investigated by using nitrogen gas and 
methylene blue as adsobates. 

2. EXPERIMENTAL 

The PVDF fibers with small diameters in a range of 7-10 p n  were prepared by 
firstly spinning bicomponent fibers which consisted 261 continuous filaments of PVDF 
core fibers and polystyrene matrix and secondly dissolving the matrix. The bicomponent 
fibers were spun using a melt-spinning technique with the spinning temperature at 290'C 
and the take-up velocity of 100 m min-1. For dissolving the matrix, the bicomponent fibers 
were soaked in tetrahydrofuran at SOT for 90 min. Then, obtained PVDF fibers were 
washed in methanol and dried under reduced pressure. 

PVDF films with a thickness of about 120 km were prepared by hot-pressing 
PVDF pellets at 2 W C  and quenching them between steel plates at room temperature. The 
films were cut into the sizes of 7.5 mm by 10 mm. 

The dehydrofluorination of PVDF fibers and films were w r i e d  out by using one of 
the strongest organic base, 1,8diazabicyclo[5,4,0]undec-7-ene (DBU), under a swollen 
state. The degree of swelling was controlled by using a mixture of a swelling solvent, 
dimethylfomamide (DMF), and a nonsolvent, ethanol (EtOH), with a volume ratio of 
DMFEtOH = 2/3. The PVDF fiber bundles and films by the amounts corresponding to the 
number ratio of DBU/(vinylidene fluoride unit) = 4/1 were soaked in a DMF-EtOH 
solution of 1.0 M DBU at 70'C. During this treatment, a slight tension was applied to the 
fiber bundle. After the treatment, the fibers and films were washed in methanol for 1 h and 
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dried under reduced pressure. In the following, 'untreated PVDF' will refer to the PVDF 
that was not dehydrofluorinated. 

The dehydrofluorinated fibers and films were heated at a rate of 2'C min-1 up to 
desired temperatures below 1300°C in a nitrogen atmosphere. During the heat-treatments, 
the fibers were slightly tensioned, and the films were held between two graphite plates in 
order to reduce wrinkling. The untreated PVDF films were also heat-treated under the 
same conditions by placing them on a glassy carbon plate in order to avoid adhesion of the 
products to the substrate. 

The carbonized fibers and films were activated using carbon dioxide gas. First, the 
specimens were heated at a heating rate of 10°C min-1 up to 850°C under nitrogen gas 
flow. Then, the flowing gas was changed to carbon dioxide and the specimen was 
activated at 850'C for a desired duration. The flowing gas was changed back to nitrogen, 
and the specimen was left to cool in the furnace down to room temperature. The flow rate 
of both nitrogen and carbon dioxide gasses was 500 cm3 min-1. The duration of activation 
was determined so that the mass loss during activation relative to the carbonized PVDF 

(dM,,,,/Mh,,) reached about 70% for all the specimens. 

The pores developed in the carbon fibers and films were characterized with small- 
angle X-ray scattering (SAXS) by using a diffractometer (Rigaku), the PSPC and pinhole- 
collimated CuKa radiation. Specimens were prepared by aligning the carbon fibers and 
stacking the carbon films. The specimen-to-detector distance was 36Gmm and a height- 
limiting slit with 0.43 mm gap was attached at the X-ray entrance of the PSPC. Since 
SAXS of the pores in the PVDF-based carbon fibers and films was isotropic, it was 
possible to convert the SAXS profiles into those obtainable with an infinitely-long-slit 
collimation of the incident X-ray beam. From the converted profiles, the radius of gyration 
(R3) of the pores was estimated according to a method proposed by the present authors 
[5,6]. If the pores are of spherical shape, their diameter D is given by (28/3)1/2 R3. If the 
pores are of cylindrical shape, aligned in parallel to each other, and R3 is estimated with 
this analysis method from the equatorial intensity distribution of the cylinders, their 
diameterD is given by 81/2 R3. 

The nitrogen gas adsorption-desorption isotherm was measured at 77K using an 
automatic gas adsorption apparatus (Autosorb-1, Quantachrome). From the isotherms 
measured, BET surface area, total pore volume and average pore diameter were calculated. 
Pore size distribution was determined from the desorption isotherm by applying the 
Barrett-Joyner-Halenda method to the desorption isotherm (71. 

Adsorptive properties against methylene blue (MB) adsorbate which is accessible 
to the pores with diameters larger than 1.5 nm [8] was measured. The MB dye used 
showed 13.0% mass loss when heated at 135'C for 12 h under reduced pressure due to 
evaporation of water. By taking into account the degree of hydration of MB, aqueous 
solutions of MB with various concentrations in a range of 25-500 g m-3 were prepared. 
The carbon specimen of about 10 mg, dried at 135'C for 12 h under reduced pressure, was 
mixed with the solution of MB of 10 cm3 in a test tube and shaken at 30'C for 24 h. The 
concentration of MB in the solution sampled by using a hypodermic syringe was 
measured. The adsorption of MB per unit mass of the specimen was calculated from the 
difference in the concentrations of MB in the solution before and after the specimen was 
added to the solution. The concentration of MB was determined by measuring the optical 
absorbance of the solution with a visible spectrometer (UV-2200, Shimazu) and using a 
calibration curve which had been constructed based on Beer's law. 

3. RESULTS AND DISCUSSION 
3.1. Dehydrofluorinated fibers and films 

As dehydrofluorination progresses, the color of PVDF fibers and films was turned 
from white into black initially at the surface of the materials and eventually over the entire 
cross section. From the masses of the specimen before and after dehydrofluorination, the 
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mass loss during dehydrofluorination relative to the mass of the starting PVDF 

( d M c k m / M p ~ ~ )  was calculated. With increasing dehydrofluorination time, the 

dM&,,,/h!fpmF value decreases and at a dehydrofluorination time of 12 h, these values 

reached 16 and 13%, respectively, for the fibers and films [4]. With the increase of 

AMchem/Mpm~,  the fluorine content decreased and the carbon content increased almost 

linearly [4]. Thus, dMche,,,/MpmF Will be used as the measure of the degree of 

dehydrofluorination. 

3.2. Heat-treated fibers and films 
During heat-treatment, untreated PVDF melted and only granular carbon was 

derived. On the contrary, dehydrofluorinated PVDF maintained its macroscopic precursor 

geometry during heat-treatment even though dMchem/MpmF was as small as 2%. As a 

result, carbon fibers and films could be obtained without causing wrinkling and/or 
fragmentation. It is considered that multiple C-C bonds were introduced into the PVDF 
molecules by dehydrofluorination, which prevented fusion of PVDF during high- 
temperature heat-treatment. 

During heat-treatment, rapid decomposition took place in the temperature range of 300- 
40O'C, and the pores were formed in this temperature range. The change of the pore size 
with increasing heat-treatment temperature above 400'C was small. 

,The R3 values of the pores in PVDF-based carbon fibers and films carbonized at 

1300°C are plotted against AMchc,,,/MpmF in Fig. 1. For comparison, R3 values of the 

pitch-, polyacrylonitrile- and phenol-based carbon fibers prepared in our laboratory at the 
carbonization temperature of about 1300°C were 1.2, 0.8 and 0.9 nm, respectively. In 
these cases, R3 values represent the size of the pore cross section perpendicular to the fiber 
axis. For the commercial activated carbon granule derived from palm shells, R3 value was 
2.1 nm. By applying a slight dehydrofluorination, the pore size of the PVDF-based carbon 
increases as compared with that of the carbon derived from untreated PVDF. By applying 
an intensive dehydrofluorination, on the other hand, the pore size decreases. Thus, the 
pore size of the PVDF-based carbon can be controlled in a range of 0.3-2.3 nm by 
changing the degree of dehydrofluorination. 

From the nitrogen gas adsorption, it was obtained that the PVDF-based carbon 
granule derived from untreated PVDF by heat-treatment at 1300'C had BET surface. area 
of 761 m2 g-1, total pore volume of 0.46 ml g-1 and average pore diameter of 2.41 nm. On 
the other hand, the PVDF-based carbon 
prepared by dehydrofluorination to a 

, 

dMcheJMpmF value of 7% and heat- 

treatment at 1300°C did not adsorb 
detectable amount of nitrogen gas. Thus, 
the pores detected with SAXS have closed 
structure. In order to make the pores in 
PVDF-based carbons accessible with 
adsorbate, activation was carried out. 

3.3. Activated carbon fibers and films 
In the nitrogen gas adsorption- 

desorption isotherms of PVDF-based 
activated carbon films shown in Fig. 2, a 
steep increase of the amount of adsorption 
is found at low relative pressure region. 
This indicates that micropores are 
developed in the PVDF-based activated 
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Fig. 1 Radius of gyration (R3) of 
pores in PVDF-based carbon fibers 
and films versus dMchemflMpmF. 
Heat-treatment temperature was 
1300'C. At the value of 
dMchem/UPmF Of o%, film was 
pulverized during heat-treatment. 
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carbons. For the activated carbon films which were prepared by applying 

dehydrofluorination to a AMchc,JMpmF value of 2%, the isotherm has a large hysteresis 

loop indicating the existence of mesopores. 
The hysteresis loop gradually diminishes 

and disappears at dMchc,,,/MpmJ7 of 13%. 

Pore size distributions of PVDF- 
based activated carbon films are shown in 
Fig. 3. Mesopores with a diameter of 2-4 
nm are developed even though 
dehydrofluorination is not applied. In this 
case, however, the material is granular. By 
applying dehydrofluorination to a 

dMchedMpmF value of 2%, noticeable 

amount of mesopores with a diameter of 4- 
8 nm are formed. Intensive 
dehydrofluorination decreases the amount 
of mesopores. 

As shown in Fig. 4, the average 
pore diameter, determined by nitrogen gas 
desorption, of PVDF-based activated 
carbon Films is almost in proportion to the 
R3 value determined by SAXS for the 
carbon films before activation. Therefore, 
the pore structure of the PVDF-based 
activated carbon films reflected that of the 
carbon films before activation. 

Adsorption of MB,, at equilibrium 
concentration of 3.0X10-4 mol 1-1, on 
PVDF-based activated carbon fibers and 

films are plotted against A M c h c , , , / M p ~ ~  in 

Fig. 5 .  For comparison, the MB adsorption 
properties of various activated carbon 
granules cited from literature [2] are shown 
in Table 1. PVDF-based activated carbons 
exhibit superior adsorptive properties 
against MB. With appropriate preparation 
conditions, MB adsorption of 1.7X 10-3 

mol g-1 was achieved. 

4. SUMMARY 
By using a combination of chemical 

dehydrofluorination and high temperature 

carbon fibers and films were highly 
mesoporous and showed superior 
adsorptive properties against MB. 

The advantage of PVDF-based 
activated carbon prepared in the present 
study is that it dose not contain impurity 
such as metal particles. This will be 
preferable for the application of activated 
carbons to catalyst supports or electrodes of 
electric double-layer capacitor. 

\ heat-treatment, the PVDF-based activated 
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Fig. 2 Nitrogen gas adsorption- 
desorption isotherms at 77K, of 
PVDF based activated carbon films. 
The value of AMo,r/Mh,f was about 
70% for all specimens. Values of 
dM&,,,/hfpmF are shown in the 
figure. At the value of 

pulverized during heat-treatment. 
dMchem/UPmF Of o%, film was 
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Fig. 3 Pore size distributions of 
PVDF based activated carbon films. 
The value of dM,,t/Mh,t was about 
70% for all specimens. Values of 
dMchem/MPmF are shown in the 
figure. At the value of 
AMchrmflMPmF Of o%, film was 
pulverized during heat-treatment. 
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Furthermore, the pore size is controllable in a wide range by changing the degree of 
dehydrofluorination. The good processability of PVDF into various geometries is also 
advantageous for applications. 
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Fig. 4 Average pore diameter of 
PVDF based activated carbon films 
versus radius of gyration of PVDF 
based carbon films before activation. 
dM.,tlMh,r was about 70% for all 
specimens. At the value of 
A M C h & p ~ ~  of 0%, film was 
pulverized during heat-treatment. 
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Fig. 5 Adsorption of methylene blue 
at equilibrium concentration of 3.0X 
10-4 mol 1-1 at 30"C, on PVDF based 
activated carbon fibers and films 
versus dMck,JMpyDF. The value of 
dMacr/h'fh,( was about 70% for all 
specimens. At the value of 
A M c ~ m / u p ~ ~  of 0%, film was 
pulverized during heat-treatment. 

Table 1 Adsorption of methylene blue on 
various granular activated carbons. 

Precursor Adsorption 
/ 10-3 mol g-1 

Palm shell 0.12 

Coconut husk 0.20' 

Bituminous coal 0.55' 

Pitch 0.10* 

Pitch/Y(naphthoate)s 0.151 

Pitch/Y(OiPr)3 0.16* 

'Values were cited from reference [2]. 
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1.  INTRODUCTION 
Pitch is used extensively as a binder and as an impregnant in the production of bulk carbon and 
graphite materials. Traditionally, coal tar pitch, a coke oven by-product, has been the major source 
of such materials. However, the range of carbons that can be obtained from coal is considerably 
expanded through the derivation of high molecular weight liquids or pitches by solvent extraction, 
hydropyrolysis, direct.liquefaction as well as coking, each of which effectively serves to liberate 
the coal structural units. The composition of the liquids can be altered to a greater extent through 
the selection of the coal and reaction parameters, allowing considerable latitude in the preparation 
of precursors for different end products. The heavy liquid products and bottoms from crude oil' 
processiqg represent an alternative source of these materials. 

Relatively small quantities ofboth petroleum and coal tar pitch are also used as precursors for the 
production of carbon fibers. General purpose carbon fibers are produced by melt blowing isotropic 
pitch and high performance carbon fibers by melt spinning mesophase pitch. For isotropic pitch 
fibers, the principal steps involve the removal of entrained particulates by a solids separation 
process and elevation of the softening point. The ability to produce fine filaments from a pitch 
(spinnability) is very sensitive to the rheological propenies of the pitch. For isotropic pitches 
exhibiting Newtonian flow properties, the glass transition temperature, T,, and softening point can 
be used as characterization parameters. -Once formed, the "green" pitch fibers need to be rendered 
infusible, or stabilized, to prevent the fibers melting and sticking together during carbonization. 

In this paper the synthesis of carbon fibers from a range of isotropic pitch precursors of different 
origins have been examined to ascertain their suitability for fiber production. The overall aims 
were: to investigate the basic relationships between the composition and properties of the precursors 
and the ability to form fibers by melt spinning and to elucidate the mechanisms and kinetics of fiber 
stabilization and carbonization. The structure and properties of the carbon fibers were determined. 

2. EXPERIMENTAL. 
Starting materials for the pitch precursors were obtained from several sources. Two coal tar pitches 
originating from industrial coking plants were obtained, both derived from bituminous coals (EF4 
& 60FDR4). A third coal tar pitch was the by-product from the gasification of a North Dakota lignite 
(DR8). Several laboratory-prepared coal extracts were produced by the solvent extraction of coal 
under a range of conditions. These included the liquefaction of a West Virginia bituminous coal in 
tetralin under a high-pressure hydrogen atmosphere (F079) and the extraction of a North Dakota 
lignite in a hydrogen donor solvent (47FDR). A third coal extract was produced by the dissolution 
of a Kentucky bituminous coal in a high boiling coal-derived solvent (7FDR2). Reaction 
temperatures in these tests were around 400°C with residence times of 60 minutes. Coal conversions 
were all high at >90%daf coal. In addition, some coal extracts were prepared by the solvent 
extraction of coal under very mild conditions (ACKy, ACPa & ACWy). Here, bituminous coals from 
Western Kentucky and Pittsburgh, and a Wyoming subbituminous coal, were extracted in anthracene 
oil at temperatures of around 350°C and residence times of 60 minutes. Extraction yields were 
correspondingly lower, ranging from 40 to 70%daf coal depending upon coal type. Two other 
feedstocks were used: a pitch derived from shale oil asphaltenes (F2DR) and a petroleum pitch 
(A500) that is used commercially to produce general purpose carbon fibers and activated carbon 
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fibers. The origins and the principal characteristics of these starting materials represent a diverse 
range of properties, Table 1. via soxhlet extraction 

It is important to minimize the amount of particulate solids present in the feedstocks since their 
presence can disrupt the fiber forming process, result in non-uniform fiber production and also 
provide a source of weakness within the product carbon fiber. Where necessary, solids were removed 
by filtration or by extracting a soluble fraction from the reaction products using tetrahydrofuran 
(THF) or N-methyl pyrrolidone (F079). For most of the precursors it was necessary to elevate the 
softening point of the solids-free feedstock to fall within the preferred range for fiber spinning, 230 
to 260°C. This was generally achieved by vacuum distillation. Softening points were determined 
using a Mettler Apparatus (ASTM D3461-85, 1989). The solubilily of the pitches in both quinoline 
and THF were determined to provide a guide to the molecular weight distribution. The pitches were 
also characterized by measurement of the elemental composition and by Fourier transform infrared 
spectroscopy (FTIR) and solid state "Cnmr spectroscopy. The FTIR transmittance spectra were 
acquired using a Nicolet 20 SX spectrometer at 4 cm" resolution. The samples were mixed with KBr 
to give a 0.5% concentration in KBr and pressed into a pellet for analysis. The solid state "Cnmr 
measurements were carried out at the University of Strathclyde using a Bruker MSLlOO instrument 
with MAS at 5.0kHz. Once suitable pitches had been prepared, fibers were produced as single 
filaments by extruding the pitch through a die and drawing the diameter down into a fine filament 
by winding up on a rotating drum. Tows of fiber were cut into convenient lengths and stabilized by 
heating in air at rates of between 0.1 and 5"C/min. The process of stabilization by air oxidation 
serves to ,cross-link the fiber structure, rendering it infusible and preventing softening during 
subsequent heat treatment. The stabilized fibers were then carbonized by heating in an inert 
atmosphere to a temperature of 1100°C for 60 minutes. The yield and linear dimensions of the fibers 
were measured after each stage to monitor the major changes that were occurring during stabilization 
and carbonization. The physical properties of the carbonized fibers - diameter, tensile strength, 
elastic modulus (ASTM D3379, D638M) and electrical resistivity were also determined. 

3. RESULTS and DISCUSSION 
Broadly, these studies have confirmed that, the higher the softening point of the pitch from any one 
source, the higher the heating rate that can be used for fiber stabilization without incurring problems 
of fiber deformation or fusing. It is also clear that the maximum effective heating rate decreases with 
increasing fiber diameter, a result that was not unexpected when diffusional limitations are 
considered. However, it was apparent that some precursors can be stabilized significantly faster than 
others despite their exhibiting a similar or even lower softening temperature, Figure 1. 

The processes that occur during stabilization include a small loss of volatile matter (depending upon 
the softening point and boiling point distribution), the uptake of oxygen, and possibly some loss of 
carbon ai CO,, with a consequential change in the mass of the fibers. A contraction in the fiber 
dimensions is also observed. For most of the precursors, the uptake of oxygen compensates for 
volatile loss, and there is a net weight gain that can be as much as 10%. However, for the oil shale 
fibers there was a net weight loss of similar proportions. Not surprisingly, an inverse correlation 
between weight increase and the contraction in fiber length is observed, where a positive weight gain 
corresponds to a smaller dimensional change. These phenomena can be related to the precursor 
composition. In particular, there is a general trend of increasing weight gain and decreasing linear 

primarily involves its combination with carbon, and these cross-linking reactions reduce volatile 
loss. The loss of labile hydrogen and heteroatom-containing species will contribute to the liberation 
of volatiles that increase the weight loss (or reduce the net gain) and increase the extent of 
dimensional contraction. 

These same observations translate to the subsequent step of carbonization. In this case, there is 
always a weight loss of between approximately 20 to 45% with a corresponding net carbon yield 
from pitch feedstock to carbon fiber of between 50 and 86%. The corresponding overall linear 

. 
contraction, as the carbon content of the pitch increases. This implies that the uptake of oxygen r,  
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contraction was between 28 and 12%. The net carbon yield increases with precursor carbon content, 
(and decreases with the content of H, N, 0 and S ) ,  while the overall dimensional contraction follows 
an inverse trend. If such fibers were incorporated into a brittle matrix, the change in axial dimensions 
upon further thermal processing can introduce significant internal stresses. Therefore, careful 
selection of fiber and matrix for compatibility is necessary. 

The mechanical and electrical properties of carbon fibers are, to some extent, controlled by the 
distribution of flaws and defects in the fibers. However, the tensile strength has been found to 
increase with precursor carbon content and carbon yield, Figure 2. The values for the materials 
studied here range from about 0.1 to 1 .lGPa. Pitches derived from bituminous coals via coking or 
solvent extraction produce fibers that are generally stronger than those from petroleum pitch. In 
contrast, the fibers derived from low-rank coals and oil shale were relatively weak. Similarly, the 
fibers generated from low rank coals with low aromaticities tend to have higher electrical 
resistivities. 

The pitches derived from bituminous coal and the petroleum pitch sample are all strongly aromatic, 
while the pitches derived from low rank carbonaceous deposits are highly aliphatic. The lignite and 
shale oil samples were the most aliphatic and, significantly, were also the two samples for which it 
was not possible to increase the softening point by distillation to a value in the preferred temperature 
range, 230-260°C. The coal tar pitch DR8, is rich in oxygen groups, with both C-0  bonds and 
carbonyl groups present. This may be expected since its lignite precursor will also be rich in oxygen. 
Two other pitches derived from low rank sources, 47FDR4 (lignite) and F2DR (shale oil) are also 
rich in C-0 bonds. The elemental analysis data confirm the high oxygen contents of these pitches, 
ranging from 2.5 to 4.8%, compared with 0.5% or less for the pitches from higher rank sources. 

4. CONCLUSIONS 
Feedstocks suitable for generating isotropic carbon fibers were prepared from a wide range of pitch 
precursors. The differences in the properties and chemical composition of the feedstocks have been 
related to the processing and properties of the resultant carbon fibers: 

The higher the softening point of the pitch, the greater the stabilization rate at which the fibers 
could be processed. However, this can be offset by an increase in fiber diameter, which reduces 
the maximum achievable rate. For some of the feedstocks, (shale oil, subbituminous coal extract 
and petroleum pitch) significantly higher stabilization rates could be obtained compared to other 
feedstocks of similar softening point. 
During stabilization, weight gain increases with increasing carbon content in the precusor pitch, 
and correspondingly, the axial contraction is less for those fibers from pitches of higher carbon 
content. These changes are related to the uptake of oxygen and formation of cross-links within 
the pitch structure, reducing the loss of volatiles. 
The combined effects of stabilization and carbonization gave carbon yields of between 50 to 86% 
of the green fibers, with a corresponding overall axial contraction between 28 and 12%. The net 
carbon yield on conversion from pitch to carbon fiber was found to increase with carbon content 
of the parent pitch. This implies that the pitches with higher heteroatom content suffer greater 
loss of material due to gasification. Similar relationships were found between axial contraction 
and carbon content, and axial contraction and heteroatom content. 
The tensile strength ofthe derived fibers ranged from 0.1 to 1.1GPa. The strength increased with 
aromaticity, increasing molecular size, and decreasing heteroatom content in the precursor, while 
the electrical resistivity of the fibers tended to decrease with these properties. 
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Table I :  Analysis of Prepared Pitch 

Source 

Coal Tar Pitch 

InsolubiW Softening Car I 
(WPh,) point for 

Ultimate Analysis (wt%, daf) 

C I H I 0 I N I S QI 1 THFI ("C) (FTIR) ("C.,,.J 
No. 

EF4 93.6 I 3.7 1 0.5 I 1.6 I 0.6 0.5 I 38 245 35.1 >0.99 

Oxygen by difference; QI = Quinoline insolubles; THFI = Tetrahydrofuran insolubles 
fv is the fraction of aromatic carbon relative to the total carbon content. 
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Figure 1 Dependence of Stabilization Rate on Pitch Softening Point 
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Figure 2 Tensile Strength of Fibers as a Function of Pitch Carbon Content 
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INTRODUCTION 

There has been a resurgence of interest in using adsorbent carbons for fuel gas storage (natural 
gas and hydrogen). Molecular simulations of adsorption at ambient temperatures of methane (as 
a model for natural gas) [I] in slit-shaped carbon pores indicate an optimal micropore width for 
methane storage of -1 1 A. Thus, to optimise the storage capacity requires maximisation of 
micropore volume, of about this width, and minimisation of mesoporosity, macroporosity and 
void space between the carbon particles [2]. A storage system for road vehicles powered by 
natural gas requires a delivered volumetric capacity of -150 v/v. These requirements have 
prompted the development of a number of routes for fabrication of highly microporous carbon 
monoliths with storage capacities that approach or meet the target [e.g., 2-51, Thus, f h r e  work 
should be aimed towards the development of carbon monoliths by inexpensive and flexible 
methods. In this paper we report the preparation and characterisation of activated carbon 
monoliths from lignosulfonate resins derived from waste products in the paper pulp industty. 

EXPERIMENTAL 

Precursor Materials. Lignin is a high molecular weight, polyphenolic biopolymer and an 
important constituent of wood (-30 wt% dry basis). Lignosulfonates are waste products of the 
paper pulp industry formed by treatment of wood with strong alkali solutions saturated with 
sulphur dioxide. The lignosulfonate used in this study was received as a sodium salt from the 
Kondopoga plant in the north of European Russia. Spherical lignosulfonate resins were 
produced by emulsion, polycondcnsation reactions with cross-linking reagents; the details of the 
formulations used for the polymerisations are proprietary. 

CarbonMicrobeads. Spherical resin beads, M1, were carbonised in flowing argon by 
heating to 900 "C to produce carbon beads, M2. Heating in flowing carbon dioxide at 900 "C for 
different times produced two activated carbons M3 and M4 with 44 and 55 wt% bum-off 
respectively. A third activated carbon bead sample (59 wt % bum-off), L5, was made in the same 
way, but starting from a resin produced from a different polymerisation formulation. 

Resin and Carbon Discs. The resin microbeads were pressed into resin discs (4.0 x 0.1 cm), A- 
I ,  at 100 "C and 3.2 kN cm.2. Carbon discs, A-3, were prepared from A-I by carbonisation in 
CO2 at 600 "C for 1.5 h. An activated carbon disc, D-4, was prepared by addition of the 
activation catalyst potassium acetate (2 wt% K') to resin microbeads prior to pressing into discs. 
The discs were then carboniseUactivated by heating to 600 "C for 1.5 h. The bum-off of the 
activated carbon discs was estimated as 25-30%. The various routes for the production of 
carbons from the resin microbeads are summarised in Figure 1. 

Characterisation Methods.The general morphology of the bead and disc samples was studied 
using SEM (JEOL 6310). Samples were spread on a graphite pad and gold sputtered, The 
packing density of the bead samples and piece (bulk) densities of the disc samples were 
measured using standard methods. Surface areas and micropore volumes were determined from 
N2 adsorption at 77 K (Micromeritics ASAP 2010). Methane adsorption at 298 K and up to 8 
bar was measured gravimetrically using a Hiden Intelligent Gravimetric Analyser. 

RESULTS AND DISCUSSIONS 

Microscopy. The spherical resin, MI,  Figure 2(a), consists mainly of agglomerated 
spheres with a wide range of diameters (70-800 pm); only the largest microbeads are isolated. 
The extent of agglomeration in the carbon spheres, M2, and the activated spherical carbon, M3, 
M4, is much reduced and many more isolated particles are found, Figure 2(b)-(c). There is 
evidence for preferential attack at former points of contact in the case of the activated carbon 
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beads and broken particles reveal that some are solid spheres while others have hollow centres 
(shells). The same observations apply to the L5 sample. A comparison of the resin disc A-I, the 
carbon disc A-3 and the activated carbon disc D-4, Figure 3, illustrates the volumetric shrinkage 
(-67%) that occurs upon carbonisation. SEM of the discs, Figure 2 (d), shows that the pressing 
process leads to agglomeration of the resin microbeads and in some areas of the discs there is a 
transformation to a continuous structure. 

Nitrogen Isotherms. Adsorption of nitrogen at 77 K on the carbon microbeads M2, Figure 
4(a), and the activated carbons M 3  and M4 indicate qualitatively that the carbons are 
microporous.' For the activated carbons there is hysteresis at high relative pressures (PRO >0.8) 
that is type H1 in the IUPAC classification [6]. This is attributed to condensation in the 
interstices between the carbon spheres. The isotherm of the carbon material L5, Figure 4(b) 
shows hysteresis of type H3 that is indicative of a small amount of mesoporosity. This shows 
that the pore structure of the carbon beads can be controlled to some extent by varying the 
polymerisation conditions. The nitrogen adsorption isotherms for the carbon discs, A-3 and D-4, 
at low relative pressure, Figure 4(c), are more rectangular than those for the loose spherical 
carbons, indicating that they contain narrow micropores. Type H4 hysteresis is seen, indicative 
of microporosity with a type 1 isotherm. The gravimetric adsorptive capacities of the carbon 
discs are clearly less than those of the carbon microbeads, as reflected in the BET surface areas 
of the carbons, Table 1, and the micropore volumes, VO, determined using the Dubinin-Astakhov 
equation. 

Methane Adsomtion. Gravimetric isotherms for adsorption of methane at 298 K on activated 
carbons M4 and L5 and activated carbon disc D-4 are in Figure 5. It is notable that the 
gravimetric methane uptake by the activated carbon disc D-4 up to 4 bar is comparable to the 
uptake by the activated carbon beads M4 and L5. This is in contrast to nitrogen uptake by these 
carbons, Figure 4.  
The maximum pressure attainable in this study is 8 bar, but the practical target storage pressure 
for methane is 34 bar. We have shown previously [7] that the gravimetric capacity at 34 bar, 
n(P), can be estimated accurately by extrapolation from the lower pressure data using the T6th 
adsorption isotherm equation [SI: 

' 

where m: b and tare parameters of the equation obtained by curve fitting. Estimates of n(P) at 34 
bar and measured values for 1 bar for the activated carbon microbeads M4 and L5 and the 
activated carbon disc D-4 are given in Table 2. As indicated in Figure 5, the gravimetric 
capacity, n(P), for the activated carbon discs D-4 at 34 bar is lower than those for the activated 
carbon spheres M4 and L5, but the reverse is true at I bar. This is another indication that the 
carbon discs have narrower micropores than do the carbon microbeads. 

Volumetric Methane Caoacities. The key criterion for evaluating the suitability of activated 
carbons for natural gas storage is the volumetric capacity expressed as volume of methane at 298 
K per volume of activated carbon, including inter-particle voids. Three methane capacities can 
be taken into account: the adsorbed, the stored and the delivered capacities. The adsorbed 
capacity, V, is defined as the excess volume of methane adsorbed in micropores per volume of 
activated carbon. The adsorption isotherm expressed as gravimetric methane uptake, n(P)/mmol 
g.') vs. P is an excess isotherm which measures the excess methane adsorbed in pores, excluding 
methane stored in the gas phase. It is given by 

Va = 24.465n( P)p ,  (2) 
where py is the packing density for powders or the bulk (piece) density for monoliths. The stored 
capucity, V,, is defined as the sum of methane stored in the adsorbed phase, V,, and in the gas 
phase, VS. at pressure, P, (3.4 MPa, 34 bar) where 

36V,P, (3) 
PVt pa v =-- 

g zPo 
and z is the compressibility of methane at P (= 0.93 at 34 MPa and 298 K), Po is a reference 
pressure (1 bar) and V,, the total pore volume, including micropores, rnesopores, macropores and 
inter-particle voids. 

where pC is the skeletal density of solid carbon (pc -2.0 g cm-4. There is an uncertainty on 
whether or not the micropore volume should be included in the calculation of compressed 
methane gas in pores. If the micropores are fully occupied by adsorbed gas, then they should be 
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excluded from the calculation. In reality, the stored methane capacity should lie between the two 
extreme values: 

Vs V, f 36(1- 0 . 5 ~ ~ )  
Vs = Va f 36(1- 0 . 5 ~ ~  - Vop,) 
The delivered capacity, Vd, is simply the difference between the stored capacity at the storage 
pressure (3.4MPa, 34 bar) and the stored capacity at the release pressure (0.1 MPa, 1 bar) 

vd = vs(3.4MPa) - V,(O.IMPa) (6 )  

Table 2 shows that although the activated carbon beads M4 have the highest gravimetric methane 
capacity, the activated carbon disc has the highest stored and delivered capacity. Here, the lower 
gravimetric capacity of the discs is offset by their higher bulk density. By contrast, the delivered 
volumetric methane capacities of the carbon microbeads are modest due to the high volume 
fraction of inter-particle voids. The delivered capacities found for the activated carbon discs, D- 
4, approach the target value of 150 v/v. It is likely that this target can be achieved with further 
refinement of the microstructure of the carbons. For example the value of V, (= 36 v/v) found 
for the discs D-4 at 1 bar is almost twice the values found for the loose activated carbon spheres. 
This is another reflection of the presence of narrow micropores in the carbon discs. The amount 
of methane retained in the discs at 1 bar can be reduced if the micropore size distribution can be 
widened slightly. 

CONCLUSIONS 

Porous spherical resins of different particle sizes can be produced by emulsion polycondensation 
of lignosulfonates with cross linking agents. These resin can be converted directly into activated 
carbon beads or pressed into discs that can be converted into activated carbon monoliths. The 
delivered volumetric capacities of the loose activated carbons are modest (-81-112 v/v) due to 
the high Jolume fraction of inter-particle voids. The delivered capacity of the activated carbon 
discs approach the target capacity of 150 v/v. The flexibility of the fabrication route for 
producing carbons from lignosulfonate resins suggests that this target can be reached with further 
development. 
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Table 1. Particle bulk densities, pa, BET surface areas, &ET, and D-A micropore volumes, Vo 
for activated lignosulfonate carbons. 

Table 2. Methane capacities at 298 K for activated lignosulfonate 
carbon beads and discs. 

Spherical activated carbons 9.5 & 1.4 77& 11 96-107 
M4 (1)' 
Suherical activated carbons 9.1 & I .4 73& 11 92-103 
hi4 (2) a 

Spherical activated carbons I 8.6 & 1.3 I 9 9 &  15 1117-126 
L5 (1)8 
Spherical activated carbons 1 8.7 & 1.3 I100& 15 1118-127 
L s  (2) a 

Activated carbon discs D-4 1 6.5 & 1.6 I 152&36  1159-170 
a. Duplicate samples. 
b. Values at 34 bar estimated using the Tbth equation, measured values at I bar. 
c. Higher and lower values calculated using Equation 5 (a) and 5 (b) resp. 

Lignosulfonate 

Cross-linking reagents 

Lignosulfonate resins 

102-1111 
103-1121 

I I I -1 
Potassium Loading Carbonisation Activation Compaction 

and Compaction Argon 900°C Carbon dioxide 900°C +,+,+,+, Activated carbon discs 

Figure I .  Flow diagram for production of the carbons derived from lignosulfonate resins 

c 
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Figure 2 (a)-(d). SEM micrographs of the carbons 

A-1, A-3 D-4 

Figure 3. Optical macrographs of the discs 

M o 2 M O 6 0 8 U )  

Figure 4. Nitrogen adsorption isotherms (a) M2-M4; (b) L5; (c) A-3, D-4. 

Figure 5. Measured methane isotherms at 298K and their T6th fits. 
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ABSTRACT 

An extensive series of studies was performed at the Energy & Environmental Research Center 
with mercury (Hgo) sorbents in a thin bed using combinations of various flue gas constituents. This 
work determined that all the sorbents exhibited breakthrough in about I hour in the full flue gas 
mixture, and the mercury emitted after breakthrough is an oxidized mercury species. Trapping of the 
oxidized species and identification by mass spectrometry demonstrated that both carbon and metal 
oxide sorbents release the relatively volatile mercuric nitrate hydrate when both NO,, SO,, and water 
vapor are present in  the gas phase. Further investigations of treated sorbents allow us to determine 
the role of oxidation and basic sites on the sorbent in the capture of mercury in NO, and SO, streams. 

INTRODUCTION 

There is currently intense interest in discovering effective sorbents for the control of mercury 
emissions in flue gas from coal-burning utilities. Extensive factorial evaluations of powdered 
' sorbents here conducted at the Energy &Environmental Research Center in a bench-scale system 
consistingof a thin fixed-bed reactoringas streamscontaining 15 pg/m30felemental mercury(HgO) 
in various flue gas components and simulated mixtures (1). One of the effective sorbents tested was 
the commercial powdered carbon sorbent Norit FGD, which is a lignite-derived activated carbon 
(LAC), and this carbon was selected for more extensive testing to determine the critical factors 
involved in mercury capture. The previous results showed that in an atmosphere containing an acid 
gas such as HCI or NO,, effective capture of Hgo from the gas phase occurred on activated carbon 
sorbents at temperatures of 100" to 150°C. Without either of these acid components in the gas 
stream, the carbon sorbents are ineffective, and immediate breakthrough occurred. 

In tests conducted in the simulated flue gas containing NO, but not SO,, very little 
breakthrough was observed over an extended time period, indicating that the bound mercury form 
is quite stable. The capture is attributed to oxidation of the Hgo and concomitant reduction of NO, 
with formation of a low-volatile oxidized mercury species that remains bonded to the sorbent. 
Reactions of Hgo with NO and NO, in a glass container were previously reported to form mercuric 
oxide and mercuric nitratehitrite mixtures (2-3). 

When SO2 was added to the gas mixture containing the NO,, the mercury sorption rate was 
initially high (98% of inlet Hgo was sorbed); however, breakthrough occurred after 1 hr at the 225°F 
conditions. The breakthrough curve was relatively steep, increasing to 100% or greateremission after 
about 2 hr. Not only is mercury no longer sorbed, but mercury sorbed earlier in the experiment is 
released. Thus there is a significant interaction effect for SO, and NO, on the sorbent breakthrough 
time. 

Themercurythat isemitted from thesorbent afterbreakthrough isentirely an oxidized mercury 
species. In reactions conducted with NO, and SO, and no HCI, this volatile oxidized mercury 
product was identified as mercuric nitrate hydrate (4). The formation of the mercuric nitrate hydrate 
from reactions of Hgo and NO, was not reported in the early literature. It is surprising that SO, 
appears to facilitate the release of the volatile mercuric nitrate hydrate from the sorbent surface. The 
early breakthrough effect was observed for a number of different sorbents in the flue gas stream 
containing both NO, and SO,. This appears to be the controlling element in sorption capacity for 
mercury in flue gas. Since the effect lowers the capacity and defeats the effectiveness of all the 
sorbents tested, is important to understand the nature of this interaction and to determine the carbon- 
related factors that determine the reactivity of the carbon sorbent and its ability to stabilize the 
oxidized mercury against release as volatile salts. An adequate model for the sorption and 
breakthrough mechanism is needed to design effective sorbents for mercury control in flue gas. 

The work reported in this paper concerns the carbon-related factors that determine the 
breakthrough behavior in the NO,-SO, stream. Two of these factors are the role of inorganic matter 
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present in the carbon and the role of catalytic surfaces on the carbon. The hypotheses to be tested are 
that basic inorganic constituents of the carbons are able to bind mercury by forming relatively stable 
basic mercury salts and that these basic sites are exhausted by continued exposure to So2. Release 
of Hg(@ would occur at breakthrough when the basic binding sites are exhausted. 

The much higher reactivities observed previously for mercury sorption in air with catalytic 
carbons compared to noncatalytic carbons lead to the hypothesis that sorption in N0,can also occur 
at different types of sites and involve formation of different intermediate species. Comparison of the 
breakthrough curves for the two types of carbons should elucidate these mechanisms. 

RESULTS 

To determine whether inorganic sites on the activated carbons are an important factor in 
mercury sorption in flue gas, carbons wlth various levels of inorganic constituents were tested. The 
Norit FGD sorbent that is active for mercury capture in flue gas streams is a finely powdered 
unwashed LAC. This means that it has a relatively high ash or inorganic content. This carbon is 
produced from a lignite with high calcium content, so part of the calcium is present in the carbon as 
theoxide and gives the surface a basic nature. The granular form of theLAC carbon is also available 
commercially (Norit GAC 1240). but in contrast to the powdered FGD sorbent, the granular lignite- 
derived carbon is acid-washed to remove some of the inorganic material in the carbon. In previous 
studies in air, neither the GAC 1240 or the powdered FGD carbon were effective for mercury 
capture. A ground sample of the GAC 1240 had not been tested for mercury capture in flue gas 
streams, so it was important to determine if the lower amounts of inorganic constituents on the 
washed carbon result in shorter breakthrough times owing to a lower capacity for retaining oxidized 
mercury. 

The sorption test performed with the ground sample of commercial acid-washed GAC 1240 
in the syhthetic flue gas stream showed that the sorption activity was excellent at the start, and 
breakthrough was not observed for 1.7 hr, compared to 1 hr for LAC. The extended breakthrough 
results from this experiment are, therefore, not consistent with the concept that basic inorganic 
material on the surface is required for effective mercury sorption. 

To further test the hypothesis that basic surfaces are important for effective mercury control, 
the Norit FGD carbon was washed with dilute nitric acid to remove basic calcium, iron, and sodium 
oxides. The demineralized carbon was tested in the synthetic flue gas stream, and results were 
compared with the initial FGD carbon under the same conditions of temperature, flow rate, and gas 
composition. The results with the washed FGD (Run 945) were identical to those from the original 
FGD carbon. Breakthrough occurred at I hr and later sampling showed that most of the Hg in the 
effluent from the sorbent bed was oxidized. Thus removal of basic sites by washing the sorbent with 
nitric acid did not result in less effective sorption. 

Catalyticcarbons werepreviouslyshown toexhibit very high mercurysorption activities in air 
streams (5 ) .  Not only were high initial kinetics for sorption observed, but the activities decreased 
only very gradually over several days of testing. But is this higher sorption activity for the catalytic 
carbons in air also observed in the simulated flue gas system? 

The results of testing a catalytic carbon in the bench-scale simulated flue gas showed that the 
sorption curve is very similar to that of the LAC sorbent and that breakthrough occurred at the same 
I-hr point in the experiment as observed for the LAC. Only oxidized mercury is observed in the 
emission after breakthrough. Thus the catalytic carbon is subject to the same NO2-SO2 interaction 
as the LAC. 

DISCUSSION 

The results with washed carbons do not support the hypothesis that basic inorganic residues 
in the carbon are involved in binding oxidized mercury, since shorter breakthrough times resulting 
from failure to bind Hg(II) at basic inorganic sites were not observed. The better capacity exhibited 
by the ground sample of GAC 1240 may be explained by the cleaning effect of the acid in removing 
basic salts that are plugging the carbon pores and, therefore, improve internal mass transport. 
Secondly. the removal of inorganic material may expose more carbon surface and, therefore, more 
oxidation sites. which may overcome the negative effect expected for removal of the basic sites. 
Thirdly, there may be other binding sites on the carbon structure that would have been exposed by 
the removal of the basic inorganic sites. It is possible that some residue from the wash solution 
somehow improved the capacity of the GAC 1240. 
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The experiments do not, however, rule out the involvement of inorganic matter since i t  could 
be argued that the washing procedure removed mineral matter only from the mesopores. This would 
improve the internal mass transfer, but still leave some basic sites available on the micropore surface 
for converting the Hg(II) to nonvolatile basic salts. Thus the failure of the experiments to 
demonstrate decreased capacity does not reject the basic inorganic residue hypothesis, but other 
experiments must be conducted to determine which effects are occurring. The significantly better 
performance (longer breakthrough time) of the GAC 1240 cannot be. adequately explained until 
further information on these factors is available. 

The air oxidation mechanisms of catalytic carbons appear to be quite different than those of 
noncatalytic carbons. Reactions with NO, could also involve different mechanisms and form 
different intermediate species in the two types of carbons. However, this work shows that the 
oxidation mechanisms using NO, as the primary oxidant (electron sink) may be the same in the 
catalytic and noncatalytic carbons. The similarity in breakthrough times for the two types of carbons 
appears to reject the hypothesis that intermediate species are different for the two carbons. 

A simple model for the sorption reaction is that the adsorbed Hgo(s) is rapidly oxidized at an 
oxidation site on the carbon surface to a bound Hg (E) species utilizing electrons from the NO, 
(Equations 1-2). This reaction is likely to occur readily on any kind of carbon surface as well as 
other surfaces. In the absence of SO,, the major species formed would be mercuric oxide or a basic 
mercuric nitratdoxide (Equation 3). which is stable at 150°C. even in the stream containing NO,. 
Oxide could be present on the sorbent surface initially (such as CaO) or could be produced from NO, 
as shown in Equation 4. The stable basic mercury salts collect in sites adjacent to the oxidation site, 
and the activated carbon is able to retain relatively large amounts of these forms. Thus this model 
is consistent with the behavior of both catalytic and LAC carbons. 

Equation 1. 

Equation 2. 

Equation 3. 

Equation 4. 

Hg"(s) - Hg(lI)(s) + 2e 

ZNO, + e- - NO; +NO 

2Hg(II)(s) + 2NO; + O-, - Hg,O(NO,), 

2N0, + 2e- - 2 N 0  + O-, 

I 

The role of SO, in the breakthrough mechanism is more difficult to understand. Since the 
oxidalion of Hg' is still 100% at breakthrough, it is unlikely that SO, is inhibiting the Oxidation 
Reaction 1 and, therefore, the oxidation sites. It must also not inhibit Reactions 2 and4, since SO, 
can not provide the electron sink for Hg" oxidation and is not normally reduced on a carbon surface. 
Therefore, SO2 must be involved in the reactions leading to mercury stabilization on the sorbent or 
to bonding of the Hg (n) species formed in or subsequent to the oxidation. 

Thus a direct involvement involving binding of SO, to an intermediate bound Hg(II) species 
seems more likely. In the presence of adsorbed SO,, the Hg(II) may react to initially form mercuric 
sulfite or hydrosulfite (Equation 5 ) .  These species have Hg-S bonds and are expected to be. 
nonvolatile. This nonvolatile species also collects in sites adjacent to the oxidation site. This form 
is consistent with the XAFS study (6) that concluded that mercury is bound by either sulfur or 
chloride on the sorbent. 

Equation 5. Hg(II)(s) + 2HS0; - Hg(SO,H), 

Over time (1 hr), this form could be. oxidized to mercury sulfate or bisulfate which results in 
forming Hg-0 bonds (Equation 6). These bonds will be more labile, and interconversion to the 
volatile mercuric nitrate hydrate occurs (Equation 7). Since no Hg' is emitted, the oxidation sites 
must still be functioning at breakthrough, only the bonding sites are becoming ineffective. This 
model is inadequate, however, because it predicts a gradual breakthrough from the start rather than 
the sudden one that is observed after 1 hr. Thus there seems to be other missing structural or 
reactivity factors that have not yet been considered. 

Equation 6. 

Equation 7. 

Hg(SO,H), + 2N0, - Hg(SO,H), + 2N0 

Hg(SO,H), + 2NO; + H,O - Hg(NO,), H,O(g) + 2HSO; 

The original hypothesis was that the LAC uses inorganic CaO sites to aid in the conversion of 
the oxidized Hg(II) (Equation 4) to the basic mercuric nitrate oxide that is not volatile and these sites 
are eventually converted to CaSO, or CaSO, that are inactive forstabilization. But this is not likely 
Since removal of CaO did not shorten breakthrough. 
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The alternative model we now wish to consider is that SO, reacts with oxide at the carbon 
surface. By complexing these basic sites, this reaction may interfere with the formation of the stable 
basic mercuric oxide salt, as well as use up SO, that would bind directly to the mercury. Further 
experiments are needed to test this model. 

ACKNOWLEDGMENTS 

The Support of the U.S. Department of Energy (Cooperative Agreement DE-FC26-98FT40320) 
is tPtefully acknowledged. 

REFERENCES 

1. 

2. 
3. 
4. 

Miller, S.I.; Dunham, G.E.; Olson, E.S. “Mercury Sorbent Development for Coal-Fired 
Boilers,” In Proceedings of the Air Quality Conference. Mcieari, Vh, Dec. 1, 1998. 
Pierce, W.C.; Noyes, W.A. J. Amer. Chem. SOC. 1928,50,2179. 
Freeman, E.S.; Gordon, S .  J. Amer. Chem. SOC. 1956, 78, 1813. 
Olson, E.S.; Sharma, R.K.; Miller, S.J. Dunham, G.E. Mercury in the Environment, 
Proceedings of a Specialty Conference, VIP-91, Air & Waste Manag. Assoc., Minneapolis, 
MN, Sept 15, 1999, p 121. 

5 .  Olson,E.S.;Sharma,R.K.;Miller,S.J.;Dunham,G.E.Preprinrs:Div. FuelChem.,Am. Chem. 
SOC. 1998.43, 867. 

6. Huggins, F.E.; Huffman, G.P.; Dunham,G.E.; Senior,C.L. Energy& Fuefs 1999, IS, 114. 

I 

889 



ACTIVATED CARBONS IN EXTRACORPOREAL METHODS 

OF MEDICAL TREATMENT - TIME TO REACTIVATE THE IDEA? 

Method 

Sergey Mikhalovsky 

School of Pharmacy and Biomolecular Sciences 

University of Brighton 

Brighton BN2 4GJ, U.K. 

Principle 

KEYWORDS: Haemoperfusion, extracorporeal therapy, polymer-pyrolysed activated carbon 

INTRODUCllON 

The term "extracorporeal therapy" means a medical treatment utilising an extracorporeal circuit. 
Blood, plasma or another body fluid is passed through the extracorporeal purification device, 
where the toxic substances are separated and the purified fluid returns to the body. A range of 
extracorporeal therapies are available at present, based on physical (dialysis or filtration) or 
physicochemical (adsorption) mechanisms (Table 1). 

Table 1. Physical and physico-chemical principles of extracorporeal therapy. 

Haemodialysis 0) 

Haemofiltration (HF) 

Combined HDMF, or 
haemodiafiltration 
Apheresis and 
plasmapheresis 
Haemoadsorption, or 

Diffusion and convective transport through a semipermeable 
membrane, osmosis 
Ultrafiltration and convective transport of solutes across a 
semipermeable membrane or filter 
Diffusion, ultrafiltration and convective transport 

Membrane or centrifuge separation of blood into cells and 
plasma and further plasma fractionation using various methods 
Physical adsorption, ion exchange or chemisorption 

I haemoperfusion (HP) 

The concept of extracorporeal therapy (dialysis) can be traced back as early as 1913 [l] ,  and the 
use of activated carbons in medicine for detoxification has been known since ancient Egypt and 
Greece [2], but real progress in the development and clinical applications of extracorporeal 
methods was made in 1960s-1980s. During these three decades commercial devices for 
extracorporeal treatment became available. Although extracorporeal adsorption was introduced 
along with dialysis and filtration, currently its use is limited to acute poisoning with low 
molecular drugs, whereas dialysis and filtration are widely used for the treatment of acute 
poisoning, acute and chronic organ failure and in various life support systems [3-61. It is shown 
in this paper that recent progress in carbon science makes adsorption over activated carbons 
competitive to other extracorporeal methods. Current status, problems and prospects of 
extracorporeal adsorption therapy are discussed. 

BIOCOMPATIBLITY OF ACTIVATED CARBONS 

The first clinical use of charcoal in a HP device was reported by Yatsidis [71. Haemoperfusion 
was carried out on a column of 200 g charcoal at a flow rate of 150-300 mYmin for 30-90 min. 
The results of the treatment of patients with terminal chronic renal failure were encouraging, and 
the charcoal column efficiently removed creatinine, uric acid and other uraemic metabolites. It 
was estimated that a 60-min HP was as efficient as a 4 to 6-hr HD. Blood perfusion over 
activated carbon was also successfully used for treatment of acute poisoning. However, this 
procedure induced hypotension, reduction in glucose, calcium and potassium concentration and 
damaged blood cells [8,9]. The most severe problem was the release of fine particles from the 
carbon granules causing microemboli. Despite thorough washing, microparticles of 5-35 pn size 
were persistently detected in the blood samples and washing solutions at the outlet of the carbon 
column. Use of plasma perfusion followed by its filtration to remove fine particles, instead of 
blood perfusion was suggested [IO]. 

The problem of fine particle release from activated carbon granules was solved by coating them 
with a semipermeable membrane [9,11]. The most common commercially available activated 
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carbon haemoperfusion column ‘Adsorba’ is manufactured by Gambro, SwededGermany. In the 
‘Adsorba’ column, Norit RXS extruded peat charcoal is coated with a 3-5 pm thick ce l luhe  
membrane. Coating carbon granules makes them more biocompatible but it also dramatically 
affects performance of a haemoperfusion column reducing the rate of diffusion to the carbon 
surface and efficiency of haemoperfusion. Adsorption of high molecular weight Solutes is 
particularly affected. A thick membrane virtually cuts off Hh4W molecules and significantly 
reduces adsorption of “middle molecules” with molecular mass between 300 and 15,000 [121. 
Removal of ‘middle molecules’ is essential as they play an important role in the development of 
many pathological conditions. 

Use of coated adsorbents instead of uncoated dramatically reduces efficiency of haemopedusion 
both in terms of adsorption capacity and rate of adsorption. Not surprisingly, information about 
the ability of coated activated carbons to remove even low molecular uraemic toxins is 
controversial [13]. As a result, HF’ has been limited in use to only acute poisoning with certain 
low molecular toxins [14]. 

UNCOATED ACTIVATED CARBONS FOR EXTRACORPOREAL THERAPY 

The growing economic pressure on medical care provides a strong incentive for further 
development of adsorption therapy [15]. Patients in need of chronic extracorporeal treatment are 
usually of advanced age, and their number is rapidly increasing. For example, by the middle of 
this century the number of 75+ aged people will have doubled and the population over age 90 
will have more than tripled in the U.K. [16]. This will result in a heavy burden on NHS. A 
similar situation is happening in other developed countries. Current expenditures on the 
treatment of chronic renal, liver and multiorgan failure - life threatening conditions in which €ID 
and HF are widely used, far exceed the health care funding of all but a few nations [IS]. Unless a 
cost-effective solution is found, this situation can only worsen. 

An adsorption column could be used in-line with HD or HF to reduce the cost of treatment and 
achieve higher efficiency. Current dialysis membranes remove about 1040% of middle 
molecular weight toxins. It has been found that up to 100% of this amount is removed by 
adsorption to the membrane surface which is about 1-2 m2 g-’ [17]. The surface area of an 
activated carbon is much higher. Thus, the capacity for removal of middle molecular weight 
toxins by adsorption far exceeds that of dialysis. 

Use of dialysis or filtration technique inevitably results in a loss of large volume of water along 
with dissolved useful metabolites and nutrients. To compensate for such a loss, an isotonic and 
sterile replacement fluid is provided. In the treatment of intensive care patients who develop 
acute renal failure more than 50% of the total cost of HD or HF is associated with the purchase 
of replacement fluid [18]. In-line adsorption would increase efficiency of the extracorporeal 
procedure and reduce the loss of liquid by its recycling (Scheme). 
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In this circuit the adsorbent does not come into contact with blood directly and the 
biocompatibility problem is reduced significantly. 

A recently developed “BioLogic-DT” system combines haemodialysis and adsorption in one 
unit, utilising a carbon powder suspension to accelerate removal of toxins from blood [19]. In 
this system blood passes through a dialysis cellulose membrane package surrounded by a 
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suspension of fine particles of an activated carbon and a cation exchanger. The adsorbent and the 
blood are separated by a membrane. Removal of LMW toxins is accelerated by the adsorption 
mechanism that increases the concentration gradient across the dialysis membrane. 

A similar approach has been suggested in a Microspheres Based Qetoxification system (mS) 
[20]. In this case blood is separated from plasma in the first circuit, and an adsorbent suspension 
is used in the secondary circuit for plasma purification. Although cellulose microbeads were used 
in the first instance, the system allows for the use of any other microparticles including activated 
carbon. 

A specific problem with in-line carbon adsorption is related to its low adsorption capacity 
towards urea. Urea is one of the substances-markers of renal failure and it is efficiently removed 
from blood by dialysis. To tackle this problem, the ultrafiltrate regenerated by adsorption is 
infused into the additional diffusive dialyser that removes urea and then it is returned to the 
bloodstream. [21]. 

UNCOATED ACTIVATED CARBONS FOR DIRECT HAEMOPERFUSION 

A much more challenging problem is synthesis of uncoated activated carbons that are as haemo- 
compatible as coated adsorbents. Neither the exact nature of biohaemocompatibility, nor the 
mechanism of blood-foreign surface’ interactions are fully understood [22]. Despite this 
uncertainty, there is a general agreement that a haemocompatible material should meet the 
following criteria: (i) absence of thrombogenic, toxic, allergic or inflammatory reactions; (ii) no 
damage of blood cells or adjacent tissue; (iii) no undesirable changes in the blood composition; 
(iv) no immunological reaction; (v) no carcinogenic effect [23]. 

Carbon surface is considered to be rather biocompatible and some artificial organs are made 
from carbpn materials. Such materials, however, have low surface area. The problem could be 
solved using activated carbons produced from synthetic polymers [24,25]. 

Using synthetic polymers as the precursor material eliminates any uncontrolled impurities. 
Coated activated carbons used for HP are made from natural raw materials. They have never 
been designed specifically for medical applications. In fact, they were technical grade carbons 
taken ‘off the shelf and used after a very simple pretreatment with hydrochloric acid andor 
deionised water. Further pre-treatment such as electrolyte balancing is necessary to adjust the 
ionic composition of the carbon surface to the mineral composition of the blood. The fact that 
carbon surface contains a variety of functional groups having ion exchange properties, has been 
frequently ignored resulting in significant changes of pH and ion composition of the blood 
brought in contact with activated carbon. 

It has been shown that two conflicting properties - large surface area and high mechanical 
strength - could be combined in polymer pyrolysed activated carbons. Thus a simple washing 
procedure removes microparticles from carbon granules eliminating the major concern about 
carbon biocompatibility. 

Pore size distribution of activated carbons can be controlled by using porous polymeric 
precursors. In addition to micropores, polymer pyrolysed activated carbons have a unique 
mesoporous structure within 10-100 nm range which is predetermined by the pore size of the 
precursor. 

It has been shown that mesoporous carbons possess high adsorption capacity towards middle and 
large protein molecules 1261. This is of particular importance for treatment of autoimmune 
diseases when removal of HMW immune complexes is necessary. 
Activated carbons are considered to be non-specific adsorbents. Whilst high adsorption 
selectivity is desirable, nonspecific adsorption is also an advantage especially in the treatment of 
disorders with unknown etiology. 

Despite chemically inertness of carbon, generation of chemically reactive functional groups such 
as -COOH, -NH2 on its surface allows the use of carbon matrix for covalent binding of 
bioligands [27]. Carbon surface has been activated by oxidation and molecular bioligands have I 

been attached covalently to the carboxylic functional groups via water soluble carbodiimide 
technique. I 

Carbon based bioselective adsorbents such as immunoadsorbents could potentially combine the 
selectivity of a bioligand action and the nonspecific adsorptive capacity of the carbon matrix. 
The use of bioselective adsorbents for direct hemoperfusion would eliminate an expensive 
plasma separation stage. 
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CONCLUSIONS 

The use of adsorbents for regeneration and recycling of dialysate or ultrafiltrate would decrease 
the volume of extracorporeal devices. and relacement fluid, thus significantly reducing 
operational costs. Direct haemoperfusion over uncoated haemocompatible activated carbon 
Offers more efficient, rapid and cost-effective means of medical treatment as in comparison with 
other extracorporeal techniques. Research in this area, almost abandoned in the 1980% is 
becoming active again and very intensive development of adsorption methods should be 
expected. 
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ABSTRACT: The Dubinin-Radushkevich @R) equation is widely used for adsorption in 
microporous carbonaceous materials. This equation only yields a macroscopic behaviour of 
loading for a given pressure. In this paper, we apply our theory (Langmuir, 15, 3608, 1999) to 
explain the microscopic adsorption behaviour behind the DR equation. 

INTRODUCTION 

The Dubinin-Radushkevich @R) equation is used to describe adsorption of sub-critical fluids in 
microporous solids such as activated carbon. The DR equation has the form 
W/W, =exp[-(A/E)2], A=RTh(P /P , )  
This equation provides the macroscopic information of the fraction of the total micropore 
volume wcupied by the adsorbate molecules. It does not give any picture on how adsorption 
behaves microscopically, that is which micropores are. filled and which are partially filled as it is 
well known that activated carbon has a rather broad pore size distribution. This information of 
microscopic distribution of adsorbed molecules is important in the study of mobility of adsorbed 
molecules. Here we apply a new method (Nguyen and Do, 1999) to describe the adsorption 
process in microporous carbonaceous materials with a pore size distribution. It is a structure 
based method, where enhancement of adsorption is allowed for due to the proximity of the pore 
walls. We will use this technique to investigate the adsovtion in carbon micropores in an 
attempt to shed some light to the working mechanism of the DR equation. 

THEORY 

In OUT approach (Nguyen and Do, 1999) we adopt a common mechanism for the adsorption 
process occuning in carbonaceous pores as a sequence of surface layering followed by pore 
filling, irrespective of their sizes. The principal feature of this theory is the allowance for the 
enhancement in adsorption induced by the overlapping of the potential fields of opposite pore 
walls. This enhancement not only affects the adsorbed phase, but also the gas phase molecules 
occluded within the pore. The pressure exetted by these occluded molecules is calculated from: 
p,W =pexp(-E,,/RT) 
with &"the average potential energy of the occluded molecules. These occluded molecules will 
provide source to build up adsorbed layers on the pore walls, following a mechanism akin to 
BET, but in this theory we take that these layers are enhanced due to the potential energy of 
interaction with the pore walls. The BET constant in a pore is calculated in terms of the BET 
constant of a correspondin flat surface as: 
C,W = C, exp[(Q,(r)-Q,fj/RT~ 
where Q&) and QP are heats of adsorptions in pore and a flat surface, respectively. Adsorption 
in pores can be pictured as a process whereby gas phase molecules are drawn into the pore 
interior. Once inside, they are further pressed against each other as a result of the overlapping 
potential fields. If the pore pressure is beyond the corresponding vapor pressure, the adsorbed 
phase turns into liquid (albeit compressed liquid). It is, therefore, understood that in some narrow 
pores, due to the very large enhanced pressures, the adsorbed phase exists as liquid even at very 
low bulk pressures. This liquid filling process progresses to pores larger in size as the bulk 
pressure increases. This is essentially the micropore filling process described in the Dubinin 
theory (1960). In larger pores, adsorption occurs as a surface layering process, and this layer 
will grow until the following condition is satisfied: 
r - t - 6 , / 2  = yvM /[RTln(P,, /Pp, 
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when the complete pore filling will occur. Here r is the half width, y is the surface tension and 
VM is the liquid molar volume. The statistical thickness “t” is calculated from: 
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RESULTS &DISCUSSION 

The fractional loading in the DR equation defined as 0 = W/W, accounts for adsorption in 
micropores only. This means that the contribution of larger pores on the uptake must be removed 
before they can be used with the DR equation. Furthermore, the DR equation provides only the 
macroscopic information. For example, when the change in the free energy, A, is equal to the 
characteristic energy of the system, the fractional loading is 0.37, meaning 37% of the micropore 
volume is occupied by the adsorbate molecules. Our approach models adsorption as a process 
occumng in all pores simultaneously, with the amount adsorbed in a pore dependent on the pore 
size. At a given pressure small micropores are completely filled, while larger micropores have a 
layer of adsorbate molecules. Knowing the volume of each pore, the overall fractional loading is 
calculated from: 
e = ~ e , w l / ~  wj 

j 1 

where Bj is the pore fractional loading, and is equal to 1 for filled pores and equal to t,/(r, - oJ2) 
for pores having layers of adsorbate. This overall fractional loading is then compared with that 
calculated from the,DR equation. 

We illustrate this theory with nitrogen adsorption data at 77 K on an ACF sample. This ACF has 
a micropore volume of 0.24 cc/g, and a mean micropore half width of 0.66 nm. Fitting the DR 
equation yith the data yields the characteristic energy of 6.9 kJ/mol. The distribution of pores 
calculated by our method is shown in Table 1 (columns 1 and 2) where we show 24 
representative pores with their corresponding pore volumes. Using our theory we calculated the 
amounts adsorbed in each pore at three levels of pressure: 6x105, 3 ~ 1 0 . ~  and 0.4, and these are 
shown in Table 1. To distinguish pores already filled, the amount adsorbed in these pores are 
printed bold. At the very low relative pressure of 6 ~ 1 0 . ~ .  adsorption occurs mainly in the 
smallest micropores. The first three pore sub-ranges are filled completely with adsorbate while 
larger pores are layered with adsorbate molecules. The overall capacity calculated by our theory 
is 3.04 mmollg, compared to 3.06 mmoYg calculated using the DR equation. Our approach 
provides a detailed distribution of this 3.04 mmoYg capacity. At a relative pressure of 3x10-’, all 
pores having half width less than 0.588 nm are filled. This pore filling is progressed to pores of 
larger size when pressure increases. For example, at a reduced pressure of 0.4, the threshold 
pore size for complete filling is 1.266 nm, which is now in the mesopore range. Table 2 presents 
the results of the nitrogen adsorption onto the ACF sample at these three pressure levels 
calculated using the DR and our method. As seen in the table, the amount adsorbed calculated 
using the DR equation is by and large equal to the sum of the amounts adsorbed in all pores 
using our technique. The difference is more significant at the higher end of the pressure range, 
where adsorption in mesopores occurs in addition to that in micropores. This is because the DR 
equation, unable to deal with mesopores, underpredicts the data at high relative pressures, while 
our technique describes well the data at all pressure levels. 

We now turn to the isosteric heat of adsorption, which can be calculated from the DR equation 
(Do, 1998) as: 

where 6 is the coefficient of expansion of liquid adsorbate, which is very small. Figure 1 shows 
the plot of the isosteric heat of adsorption of nitrogen versus relative pressure at -196 ‘C onto the 
ACF sample calculated from this DR equation. To calculate the heat of adsorption from our 
method, we assume that the adsorption heat is approximated by the decrease in the potential 
energy of adsorbate, when moved from the bulk into the interior of the pore. This is shown in 
Table 1 for all pores. Energy released is larger in smaller pores, and proportional to the pore 
volume. Since the ACF sample has a distribution of pores mostly in the range from 0.32 to 0.397 
nm, most of the heat comes from the pores in that range. The total heat released at any overall 
loading (C,) is obtained by summing all the individual heats released in each pore. Thls is the 
cumulative heat produced when the amount of C, is loaded into a clean sample. For example, 
from Table 1 the cumulative heat at the relative pressure of 3x10.’ is 55 Joule, corresponding to 
an amount of 6.38 mmol loaded on 1 gram of the ACF sample. The isosteric heat of adsorption 
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is the heat released at a given loading C,, i.e. it is the incremental heat produced per unit mole 
when the loading is incrementally increased from C, to C, + AC, (AC, << C,,), This is applied 
for nitrogen adsorption onto ACF data, and the results are shown in Figure 1. The maximum 
possible isosteric heat for nitrogen is -16.2 kJ/mol if all pores having half width equal to the 
solid-fluid collision diameter. The isosteric heat calculated using the DR equation and our 
technique are quite different. The comparison between the methods and/or the justification of the 
suitability can be made based on the experimental measurement of the isosteric heat of the 
system, which is not available at this stage. 

We now address the question regarding the validity of the DR equation. Figure 2 shows the 
isotherms of nitrogen adsorption of representative pore sub-ranges in the form of log(C,) versus 
lo&l/x). As seen, none of the single pore isotherms can be considered to be a straight line. 
However, by adding up the individual isotherms, we get the overall isotherm shown as a dotted 
line, which is practically a straight line, supporting the suitability of the DR equation. It is clear 
that the DR equation is not applicable for adsorbents having a extremely narrow pore size 
distribution. Samples having very skewed PSDs can not also be described by DR equation. 
Thus, for the DR equation to be applicable, the porous solid must have a distribution of 
micropores, and that distribution must not be very skewed. This explains why the DR equation is 
not applicable to all microporous materials. 

5 ‘  I I 1 
0 2 1 6 I 10 I2  I, ,a 0.2 0.4 0.6 0.8 1 

Fraclbnal Loadmg l0g2(l/x) 

Figure 1: Plot of the isosteric heat versus loading Figure 2: Plot of log(C,) versus log2(l/x) 
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Table 1: Nitrogen adsorption onto ACF at 77 K at three relative pressures (per gram of sample) 

Half width x = 6x10' x=3x102 

Volume loading energy loading energy 

m o l  I nm cc m o l  I 
0.286 0.004 0.1256 1.32 0.1256 1.32 

x e 0.4 

loading energy 

m o l  I 
0.1256 1.32 

0.320 

0.357 

0.397 

0.439 

0.485 

0.534 

0.588 

0.645 

0.706 

0.772 

0.843 

0.91 9 

1.001 
I.090 

1.266 

1.683 

2 2d9 

2.912 

3.805 

4.958 

6.444 

8.361 

9.214 

0.047 

0.041 

0029 

0 . W  

0.007 

0.021 

0.030 

0.026 

0.018 

0.006 
0.005 
0.w5 
0.006 

0.W 

0002 

0.002 

0.002 

0.005 

0006 

0.006 

0.m 
0.014 

0.007 

1.3611 13.10 

1.1914 10.84 

0.2410 2.11 

0.0367 031 

0.0144 0.12 

0.0241 0.20 

0.0219 0.18 

0.0136 0.11 

0.0069 0.06 

0.0018 0.01 
0.0012 001 

0.0010 0.01 

0.0011 0.01 
0.0007 - 
0.0003 - 

0.0002 - 
0.0001 - 

0.0003 - 
0.0002 - 
0.0002 - 
0.0002 - 
0.0003 - 

O.ooO1 - 

1.3611 

1.1914 

0.8267 

0.2653 

0.2069 

0.6021 

0.8551 

0.3667 

0.2249 

0.0674 

0 0490 

0 0465 

0.0516 

0.0328 

0.0159 

0.0085 

0.0066 

0.0155 

00144 

0.0117 

0.0134 

0.0161 

0.0071 

Micropore 0.254 3.042 28.39 6.240 55.09 
overall 0.308 3.044 6.382 

13.10 
10.84 

7.24 

2.27 

1.74 

499 

7.03 

3.00 
1.83 

0.55 

0.40 

0.38 

0 42 

7.318 63.87 
7.663 

1.3611 

1.1914 

0.8267 

0.2653 

0.2069 

0.6021 

0.8551 

0.7624 

0.5144 

0.1688 
0.1340 

0.1382 

0.1663 

0.1141 
0.0637 

0.0155 

0.0118 

0.0278 

0.0258 

0.0208 

0.0240 

0.0288 

0.0126 

PIP0 
- 

3x10' 
0.4 

13.10 

10 84 

7.24 

2.27 

1.74 

4.99 

7.03 

6.23 

4.19 

1.37 
1.09 

1.12 

1.34 

Overall capacity (mmoVg) Micropore capacity (mmovg) 
Experimental OUT method DR eq. our method 
3.03 3.04 3.06 3.04 
6.36 6.38 6.25 6.24 
7.63 7.66 6.9 7.31 

__________ 

Table 2: Nitrogen adsorption onto ACF sample calculated using our method and DR equation. 
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INTRODUCTION: 
In addition to their other special properties, carbon nanotubes also have excited 

considerable interest because of their potential to serve as hydrogen storage materials [I]. 
Several groups have reported [Z-41 large values for hydrogen uptake by single walled nanotubes. 
Molecular simulation studies were used to identify critical structural properties that are important 
for development of an effective material for hydrogen storage [SI. A list of critical properties 
culled from the experimental and theoretical results includes the diameter of the tube, the relative 
number of tubes with open ends, the ease of penetration of the pore mouth to the interior of the 
tube, the ease of entrance into the extra-tubular space typically found between the single tube 
strands of rope-like structures, and the interaction potential between hydrogen and the carbon 
surface. In the work described below, a pulse mass analyzer similar to that originally developed 
to investigate the kinetics of coke deposition on cracking catalysts [6] was used to evaluate novel 
materials for storage potential. Direct measurements were made of weight changes in a packed 
bed of storage material caused by changes in the gas stream or by injection of small samples of 
volatile organic compounds. The amount of weight change found after injection of the samples 
and the “retention“ time of the adsorbed material provided usehl information on the 
characteristics of various nanotube samples. The method holds promise as an additional tool for 
characteriFation of adsorbents and storage materials. 

EXPERTMENTAL: 
Materials. The single wall nanotubes were obtained from Rice University (Tubeswce) .  
“Fullerene Nanotubes” were used after grinding in a ball mill for ease of introduction into the 
sample holder, and are referred to below as raw Rice tubes. According to the analysis provided 
the average tube diameter is 1.36 nm. TGA analysis gave a residue weight after combustion 
corresponding to the expected amount of catalytic metals reported as incorporated during the 
synthesis. Analysis of the TGA residue by ICP led to the determination of 3.7 % nickel, 3.5 % 
Co, and 0.44 % Fe in the original material. 
Eauioment: Figure 1 is a block diagram for the apparatus including the pulse mass analyzer 
(F‘MA1500) manufactured by Rupprecht and Pataschnick. The PMA1500 is a mass measuring 
device that employs a tapered glass element that is stimulated to vibrate at its natural frequency. 
The element is made up of a long narrow hollow quartz glass tube that opens at the bottom to a 
0.100 cc volume into which the sample is placed. Quartz wool and a retaining cap hold the 
sample in place. The element is mounted vertically in a holder in a stainless steel vessel. Carrier 
gas flows through the sample bed providing excellent contact. The frequency of vibration of the 
element is monitored via an optical system. With appropriate calibration the frequency changes 
are recorded as mass changes within the reactor using Equation 1. A stream of purge gas sweeps 
out carrier gas and other components once they have passed through the sample bed. In 
addition, a valvdloop injector allows pulses of reactant gases to be introduced into the carrier gas 
upstream of the sample chamber. Injection of volatile organic liquids was made by syringe 
through a heated injection port. Mass flow controllers (Brooks, 5850E) were used to regulate the 
flow of both carrier and purge gases. The instrument is able to work at pressures from 1- 60 
atmospheres (Brooks backpressure regulator, 5866E) and at temperatures up to 700 C. 

Am = W(1/f,2-1/f22) (1) 

To determine k the instrument was equilibrated at a set temperature with no sample or 
sample-retaining cap and with flow rates of carrier and purge gases at nominal values. After the 
frequency of the vibrating element was recorded the sample-retaining cap of known mass was 
placed on the element and the frequency was measured a second time. Thus, k is established for 
the particular set of pressure, flow and temperature settings used. The constant k has a strong 
temperature dependency and re-calibration must be done when the temperature is varied. 

Additional information was obtained from a quadrupole mass spectrometer (Ametek MA 
1OOM) that sampled the exit gas stream though a 6-meter length of a capillary GC column. 
This detector was especially usehl with the PMA in pulse mode. When a significant portion of 
an injection was not retained by adsorption on the sample the pulse of material passing through 
the bed was observed by the mass spectrometer. Materials that were retained and then slowly 
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bled from the sample remained below the detection limit and were not observed. The use of a 
CaPiIlarY column as transfer tube provided an additional means to discriminate between 
compounds by observing the transit time between PMA and the spectrometer. For example, the 
transit time for ethanol was 3.5 min. while that for 2-propanol was 5.0 min. 

G a s  Densitv Experiment 
The frequency of vibration depends on the mass of the tapered element and its contents, 

including the weight of the gas contained within the tapered element. For example, when the 
carrier gas was switched from nitrogen to helium a change in mass occurred due to the change in 
gas density inside the element. Cycling back and forth showed reproducible gas density changes 
(Figure 2). Because of this, the changes in mass due simply to changes in gas density must be 
taken into account when the results from adsorption experiments are considered. 

Adsomtion Exoeriments 
The sample bed was packed with the carbon nanotube sample and heated using helium as 

carrier gas and nitrogen as purge gas both at 50 cc./min. All of the experiments were performed 
at atmospheric pressure. Each sample was pretreated in situ by heating to either 200 C or 700 C 
for 4 hours before adsorption measurements were made. Then the temperature was set for the 
adsorption experiment (30 C, 100 C, or 200 C) and the PMA was allowed to equilibrate for about 
an hour. Organic compounds (typically 1.0 or 2.0 1.11 as liquids), were injected into the pre- 
heated port (200 C) of the PMA where they vaporized rapidly in the carrier stream; the mass 
responses were recorded. For a carrier flow of 50 cdmin, a mass response was seen within 6 
seconds, the time taken by the vaporized sample to reach the fixed bed. The mass changes were 
recorded as a fimction of time. For those compounds poorly adsorbed only a very small and 
transient change in mass was observed. For those strongly adsorbed, a large, rapid increase in 
mass was observed followed by a gradual decrease as the retained compound slowly desorbed. 
The gravimetric decay curve had a long tail resembling that associated with a poorly performing 
chromatographic column. Strongly adsorbed species took hours to desorb completely. 

RESULTS: 
Effect of adsorbate structure. 
Hydrogen, carbon dioxide, and organic compounds were injected at 30 C, 100 C, arid 200 C. 

30 C. The sample holder was packed with 80.0 mg of raw Rice tubes and heated to 200 C in a 
stream of helium at 50.0 d m i n .  with a purge gas of nitrogen at 50.0 cdmin.- Following this 
pretreatment, the temperature of the PIvlA was equilibrated at 30 C for one hour. Individual 
pulses of hydrogen gas (3.90 mg., 1.95 mmoles) were introduced through the loop injector valve. 
A small peak was formed equivalent to a mass gain of 20- 25 pg that returned to the baseline in a 
matter of seconds, indicating that only a small fraction of hydrogen injected was adsorbed then 
rapidly desorbed under these conditions. Pulses of COI (12.8 mg., 0.291 mmoles) had a similar 
appearance. As typical of poorly retained compounds, hydrogen and carbon dioxide peaks 
appeared in the mass spectrometer following these injections and were of comparable size to 
those following injections into an empty reactor. Experiments conducted at a later time 
confirmed that little or no hydrogen adsorption occurred at 30 C by this sample, even under 27.0 
atmospheres of hydrogen pressure flowing at 50 cdmin. for 3 hours. In these experiments the 
raw Rice tubes did not adsorb hydrogen or COz to any significant extent at 30 C. 

100 C. As before, pulses of hydrogen and carbon dioxide passed through the sample without 
significant adsorption. A series of organic compounds with similar boiling points, methanol 
(65.0 C), tetrahydrofixan ( 6 4 . 5  C), and n-hexane (68.0 C) was injected. Injections of methanol 
(2.0 1.11,) gave reproducible changes of 1.0 mg. corresponding to 63% of the material adsorbed. 
A small peak for methanol was also observed by the mass spectrometer, consistent with a 
partially or poorly adsorbed compound. THF was adsorbed more strongly than methanol. 
Duplicate injections gave 86  % and 89 % of the THF retained and each injection took 
approximately 60 minutes to desorb. The most strongly held compound of the series was n- 
hexane. Of two injections, 91% and 88% were retained and it required several hours at 100 C 
followed by heating to 200 C to remove it completely. 

200 C. At 200 C another series of compounds of disparate polarity and structure but similar 
boiling points was used. These were ethanol (78.5 C), 2-propanol (82.0 C), 2-butanone (79.6 C), 
cyclohexane (81.0 C), cyclohexene (83.0 C), and benzene (80.0 C). Figure 4 shows the PMA 
responses and the data are summarized in Table 1. The most striking feature of Figure 4 is the 
wide range of retention. Alcohols are hardly retained. For ethanol, the amount adsorbed after 
each 0.790 mg. (1.0 pl) injection was 0.230 mg, only 29 % of the mass injected. Desorption of 
the ethanol occurred within 30 seconds. About 55 % of the 2-propanol injected was retained and 
also desorbed rapidly. Markedly more of the cyclohexane (92 Yo) and cyclohexene (88 %) were 
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retained and each desorbed slowly. Among the three cyclic compounds, cyclohexene and 
benzene desorbed much more slowly than cyclohexane. The times required for the weight gain 
to diminish by one half (Table 1) were taken as a rough measure of relative retention. 

Effect of me-treatment temperature 
After completing the adsorption experiments above, the raw Rice tubes were heated to 700 

c to explore for effects due to the pretreatment temperature. This seemed appropriate because 
evidence has been presented [2,7] that hnctional groups are removed from tube openings by high 
temperature treatments, thus allowing for greater access to the interior of the tubes. The results 
show that the retention time increased significantly for some of the organic compounds compared 
with those found after pretreatment at 200 C (Table I). For example, the retention time for 
cyclohexane doubled from 33 to 67 minutes. In general, the desorption curves for strongly retained 
compounds have long tails. Kinetic data from material pretreated at 200 C do not appear to obey a 
simple rate law. In contrast, the decay curves for all of the hydrocarbons sorbed onto nanotubes 
activated at 700 C were well described over the first 400 seconds by a second order rate law (eg 
Figure 5). For comparison, the half lives were calculated in seconds for 1.0 mg starting weights of 
each as: cyclohexane (46), cyclohexene (88) ,  benzene (89). and hexane (205). The result shows an 
increase in retention on introduction of one degree of unsaturation from cyclohexane to 
cyclohexene, but no further change on going to the aromatic compound benzene. A much greater 
increase was seen with n-hexane, the calculated half-life being nearly 4 95 times that of its cyclic 
counterpart. This remarkable difference may be due to the ability of n-hexane to flex and bend to 
accommodate maximum interaction with the nanotube surface. This flexibility may allow either 
stronger binding to the exterior surface o r  alternatively, a greater tendency to be trapped within the 
tube. At present it seems unlikely that the desorption process can be successfully interpreted in 
terms of a single, well-defined adsorption site. Further studies with linear and branched 
hydrocarbons are needed to gain better insight into the adsorption process. 

' 

Table 1' 
Raw Rice Tubes, Pre-treated at 200 C and 700 C 

COMPOUND 

ETOH 
P R O H  
CYCLOHEXANE 
BUTANONE 
CYCLOHEXENE 
BENZEN!3 
n-HEXANE 

BP (C) 

78.5 
82.0 
81.0 
79.6 
83.0 
80.0 
68.0 

Den (&I) 

0 789 
0 780 
0 779 
0 805 
0811 
0 880 
0 659 

Halfwidthb 
Sec. 
13, 13 
13, 13 
33,33 
40,40 
61,67 
77,77 

Halfwidth' 
Sec. 
13 
15,15 
67,67 

133, 133 
107 
313 

-________ 

a) 1.0 pI injections at 200 C, helium carrier 50 cc./min. nitrogen purge 50 cc./min., duplicates 
shown. b) Raw Rice tubes, pretreatment 200 C. c) Raw Rice tubes, pretreatment 700 C. 

CONCLUSIONS: 
The interactions of hydrogen and carbon dioxide as well as several organic compounds 

with carbon nanotubes were investigated with a pulse mass analyzer. The pulse mass analyzer 
proved to be a useful tool for elucidation of structurdadsorptivity relationships in these systems. 
Our findings indicate that neither hydrogen nor carbon dioxide has a great affinity for these 
materials as compared to the organic compounds tested. Within the organic sequences, we find 
that alcohols are not retained as well as hydrocarbons. Moreover, unsaturation may be beneficial 
for adsorption in some cases (cyclohexene versus cyclohexane), but in another case (hexane) the 
enhanced flexibility associated with saturation of the carbon chain perhaps leads to an even 
greater affinity for nanotubes. 
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CARBON NANOTUBE ADSORBENTS 

You Fa Yin, Tim Mays, Emmanuelle Alain and Brian McEnaney 
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University of Bath, BATH BA2 7AY, United Kingdom. 
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INTRODUCTION 

One of the more interesting applications proposed for carbon nanotubes is as storage media for 
fluids and solids. Of particular interest is their potential for fuel gas storage, especially hydrogen 
[I]. A full, experimental exploration of their potential in these fields must await developments in 
the production, purification and ordering of nanotubes. Meanwhile, it is possible to make some 
assessment of their potential as gas storage media using molecular simulations. The interior of an 
isolated open carbon nanotube can be viewed as a microporous or mesoporous cylindrical 
adsorption space (depending upon the nanotube diameter). Also, the interstices between 
nanotubes may provide additional adsorption space of nanometric dimensions. Therefore, we 
have been exploring the adsorption of gases in arrays of nanotubes using molecular simulations. 
In this paper we present some storage capacities for hydrogen at 298 and 77 K and nitrogen at 77 
K in carbon nanotube arrays obtained from simulations and compare these to experimental 
measurements of adsorption in 'materials containing nanotubes. 

MODELS AND SIMULATIONS 

The model adsorption space consists of a unidirectional trigonal array of open or closed single 
wall carbon nanotubes, SWCNT, Figure 1, The diameter D and the nanotube separation G define 
the geometry of the array. 

Gas 

Hydrogen 
Nitrogen 

h 

LJ Parameter 
CTfI A o,f lB.  (€E/ k ~ )  / K ( 6 r l  ks) K 
2.96 3.19 41.5 35.4 
3.572 3.494 93.98 53.52 

Figure 1. Model trigonal array of single-walled carbon nanotubes of 
diameter D and separation G. Circles are cross sections of nanotubes. 
The shaded area is the cross section of the simulation cell. 
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normally loor, although this could be extended to increase the number of molecules in the cell 
and so reduce errors. The Peng-Robinson equation of state was used to calculate the chemical 
potentials of bulk gases [ 5 ] .  The main output from the simulations was the average number of 
molecules adsorbed in the simulation cell as a function of pressure. 

RESULTS AND DISCUSSION 

Hydrogen Storage at 298 K and 77 K. The amount of usable gas in a gas storage system is 
the delivered capacity, i .e . ,  the amount of gas stored at the higher (storage) pressure less the 
amount retained in the container at the lower (delivery) pressure. The delivered capacity can be 
expressed on a gravimetric or volumetric basis; here, a gravimetric basis is considered. For 
hydrogen, storage and delivery pressures were normally 70 and 1 bar respectively. For studies of 
the effects of storage pressure on the hydrogen capacity, the storage pressure was varied from 1 
to 200 bar. The US DOE hydrogen plan for a fuel cell powered vehicle requires the storage 
system to have a delivered gravimetric capacity of 6.5 wt% H2 [I]. 

k=G G=IOA = 3.2 A .---- 
open symbols: 200 bar 
closed symbols: 70 bar 

a i . ,  , , . , . , , , .  
0 10 20 30 40 SO 60 

tube diameter, D / A 

Figure 2. Delivered gravimetric hydrogen capacity at 298 K as a 
function of tube diameter in trigonal arrays of open single-walled 
carbon nanotubes with different separations G, for storage pressures of 
70 and 200 bar. 

Figurc 2 shows the delivered gravimetric capacities of trigonal arrays of open SWCNT at 298 K 
and at storage pressures of 70 and 200 bar. For most of the arrays, capacity increases with 
increasing nanotube diameter, D, and tube separation, G. The effect of tube diameter on capacity 
is as expected while the effect of tube separation shows that exohedral adsorption in the 
interstices between the nanotubes is important. Significant amounts of hydrogen can be stored in 
the arrays, but none of them achieves the DOE target capacity at 298 K and a storage pressure of 
70 bar. The DOE target capacity is achieved at 298 K and 200 bar storage pressure for SWCNT 
with a wide range of diameters in arrays with a spacing of 20 A. 

= 4 A  G =  7 A  

G = I 5 A  0 G=2OA 
o G = 2 S A  a C = 3 0 A  

fube diameter, D I A 

Figure 3. Gravimetric hydrogen storage capacity for trigonal arrays of 
open single-walled carbon nanotubes at 77 K and 70 bar as a function 
of tube diameter D and separation G. 
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The effects of increases in D and G on storage hydrogen capacities at 77 K and 70 bar, Figure 3, 
are broadly similar to those found at 298 K. The DOE target capacity is reached for arrays with a 
wide range of D and G values. For arrays with a spacing of 30 A, the DOE target is exceeded by 
a considerable margin. The maximum delivered hydrogen capacity of -33 wt% is reached with 
an array consisting of widely spaced narrow nanotubes (D = 6 A, G = 30 A) where exohedral 
adsorption dominates. The non-linear variations in capacity for arrays with D < 30 A and G > 7 
A, Figure 3, are the result of complex geometrical factors affecting the space available for 
adsorption in the simulation cell. The volume of the simulation cell is proportional to (D + G)*, 
while the mass of carbon in the cell is proportional to D. Thus, when G << D, the volume 
available per unit mass is - D, ie., the capacities increase with D nearly linearly as in Figure 3. 
When G >> D, the volume available per unit mass is - IID, ie., the capacities decrease with 
increasing D. 

Nitrogen Adsomtion at 77 K. Figure 4 shows the gravimetric saturation capacity for nitrogen at 
77 K and relative pressure PIP0 = 1 for trigonal arrays of open SWCNT as a function of D and G. 
Qualitatively, the effects of increases in D and G on capacity are broadly similar to those found 
for hydrogen at 77 K, Figure 3. However, the gravimetric capacities for nitrogen at PIP0 = 1 are 
more than IO times higher than that for hydrogen at 70 bar in arrays of the same geometry. This 
is because ( I )  the critical temperature for nitrogen is much higher than for hydrogen, and (2) the 
molecular mass of nitrogen is 14 times that of hydrogen. 

\ 

I 

‘“ 

Figure 4. Gravimetric nitrogen saturation capacity for trigonal arrays of 
open single-walled carbon nanotubes at 77 K and relative pressure 
PIP0 = 1 as a function of tube diameter D and separation G. 

Comoarisons of simulations with experiment. In the case of nanotubes, comparisons 
between experimental and simulated gravimetric adsorption capacities are complicated because 
experimental amounts adsorbed have been measured on nanotube samples that have different 
purities and that have not been ordered into arrays. Also, as the foregoing shows, simulated 
gravimetric capacities depend upon the geometly of the array. 

Comaarison of hydrogen caoacities at 298 and 77 K. 

Table 2. Comparisons of gravimetric hydrogen storage capacities from experiments and 
molecular simulations. 

An experimental measurement of hydrogen capacity for 50% pure SWCNT at ambient 
temperatures and -101 bar of 4.2 wt% [6],.  see Table 2, is in reasonable agreement with the 
hydrogen capacity at similar temperatures and pressures (4.7 wt%) obtained from simulations for 
trigonal arrays of open SWCNT with D = 60 A, G = IO A. Molecular simulations of hydrogen 
storage at 77 K and 70 bar on trigonal arrays of open SWCNT with D = 7 A, G = 30 A, produce a 
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vely high capacity (33 wt%, Table 2). This may be compared with an experimental measurement 
made on high purity SWCNT at similar temperatures and pressures [7] (8.25 wt%, Table 2). 
This simple comparison suggests that the experimental hydrogen capacities of nanotubes at 77 K 
can be increased substantially by developing ordered arrays. 

Comparison of nitrogen capacities at 77 K. Some experimental measurements of adsorption of 
nitrogen on SWCNT have been reported by Alain ef al. [SI. Here, a more precise comparison 
between simulation and experiment can be made because the dimensions of the nanotubes (D - 
13.8 A) are known from high-resolution transmission electron microscopy images. HRTEM also 
showed that the SWCNT were present in closed packed bundles with G - 3.2 A. A comparison 
of the isotherm for these nanotubes measured using a volumetric apparatus with the results from 
simulations in trigonal arrays of open and closed SWCNT (D = 13.8 A, G = 3.2 A) is in Figure 5. 

open amy i 

0.0 0.2 0.4 0.6 0.8 1.0 
PRO 

Figure 5 .  Comparison of experimental isotherms of nitrogen adsorbed at 
77 K in single-walled carbon nanotubes to simulated isotherms for the 
same array geometry (D = 13.8 A, G = 3.2 A) with both open and closed 
nanotubes. 

The simulations show that there is no adsorption in the array of closed SWCNT because the 
interstitial space is too small to admit nitrogen molecules. The simulated isotherm for the array 
of open SWCNT is close to Type 1 in the BDDT classification, indicating, as expected, that the 
nanotubes are behaving as microporous adsorbents. In the case of the experimental isotherm the 
steep rise at low relative pressures also indicates the presence of micropores. From the average 
bundle size and tube diameter [SI, it is estimated that an average bundle contains about 50 
nanotubes. Therefore, the specific surface area of the bundles is - 235 m2 g.'. The measured BET 
surface area of the nanotube sample is 302 m2 g-' [8], larger than the estimated bundle surface 
area. It is believed that the majority of the SWCNT are closed, but it is possible that a small 
proportion are open so that they may make a contribution to the adsorption at low relative 
pressures. In addition, the impurities in the sample may also contribute to the BET surface area. 
The steep rise in adsorption at high relative pressures probably reflects condensation in the 
sample, possibly between the nanotube bundles. We are canying out further simulations and 
experimental measurements of adsorption in carbon nanotubes to clarify these points. 

CONCLUSIONS 

Molecular simulations of adsorption of hydrogen at 298 K and 70 bar in ordered arrays of 
SWCNT show that significant storage occurs. However, this is -70% of the DOE target 
capacity of 6.5 wt%. Experimental measurements of gravimetric hydrogen capacity at ambient 
temperatures and -100 bar for carbon nanotube samples are similar to those predicted from 
simulations. The simulations also show that the target gravimetric hydrogen capacity can be 
achieved with ordered arrays of nanotubes at 77 K and 70 bar with a wide range of diameters and 
spacings. Experimental measurements of hydrogen capacity under similar conditions lie within 
the range predicted from simulations, but at -25% of the predicted maximum capacity. 
Simulated and experimental measurements of nitrogen adsorption at 77 K on SWCNT both show 
some evidence for microporous adsorption. Also, the experimental isotherms show evidence for 
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capillary condensation at high relative pressures, possibly occurring between bundles of 
nanotubes. 
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Progress in the large-scale production of carbon nanotubes has opened up possibilities for new 
applications in some areas of adsorption and catalysis. In this paper we will discuss the 
characterization of single and multiwalled nanotubes by nitrogen, butane and methane 
adsorption. Nitrogen adsorption data will be used to calculate pore size distributions of the 
nanotubes. The incorporation of carbon nanotubes into pitch to change the porosity of the 
'resultant activated carbon will also be discussed. By altering the pore structure of the pitch-based 
carbon fibers from highly microporous to a wider size distribution of micro and mesopores, new 
applications of the fibers can be envisaged in areas of environmental science and catalysis. 

INTRODUCTION 

Recently, methods have been developed at the University of Kentucky to synthesize high purity 
multiwalled carbon nanotubes (MWNT) in quantities that allow the study of the bulk properties 
of the material. Continuing work is aimed at improving both the rate of production, by operating 
on a larger scale, and a simplified process to reduce costs. The suitability of use of nanotubes in 
applications of gas adsorption, separation and catalysis has been investigated. Currently there is 
little relirtble information available in the literature concerning the pore structure and surface 
properties of pure carbon MWNTs. Most work have been conducted on samples of low or 
uncertain purity that may contain high concentrations of amorphous andor graphitic carbon as a 
contaminant. In contrast, materials produced at the Center for Applied Energy Research (CAER) 
are typically better than 95% pure MWNT. 

The core diameter of single wall nanotubes (SWNT) is close to 1 nm, with little variation 
between samples, a value which falls in the range normally defined by micropores (pore entrance 
diameter < 2nm). MSVNT, in contrast, show a small variation in core diameter, typically ranging 
from 3.5 to 7nm, and hence fall in the mesopore range (diameters 2 to 50nm). The uniformity of 
the nanotubes and thus the narrow distribution of pore sizes present in the sample, should make 
them excellent materials for gas separation applications. As an example, the diffusion rate of 
methane into MWNT bundles has been found to be up to ten times faster than that for butane, 
offering the prospect for the development of systems providing efficient molecular sieves. 

Another objective of the current work is to use carbon nanotubes to modify the porosity of 
pitch-based activated carbon fibers (ACFs). These are normally derived from isotropic petroleum 
pitch precursors through a sequence of well-defined process stages, culminating in activation of 
the isotropic carbon fibers in steam or nitrogen, generating the high surface area and pore 
structure that is typified by a nanow distribution of micropores. The objective of dispersing 
mesoporous carbon nanotubes in the isotropic pitch before processing into activated carbon 
fibers is to produce fibers that are not only significantly more mesoporous, but also show 
significant improvements in other properties, e.g. strength and electrical conductivity. This could 
enable the procurement of activated carbon fibers with pore structures tailored to specific 
environmental applications. This paper will focus on the porosity characterization of rnultiwalled 
nanotubes and comparison with single walled tubes, and the introduction of these tubes into 
pitches to alter the pore structure of the product activated carbon. 

EXPERIMENTAL 

Single wall nanotubes (SWNTs) manufactured by Carbolex Inc. using a carbon arc process with 
N i N  catalyst, were purified by refluxing in 2M nitric acid for 24 hours, filtered and then 
sonicated in dimethyl sulphoxide (DMSO) for 12 hours before drying. Multiwalled carbon 
nanotubes were produced at CAER by the catalytic decomposition of a femocene-xylene mixture 
at a temperature of about 7OO0C and at atmospheric pressure (1). Scanning electron microscopy 
(SEW was used to estimate the purity of the MWNT samples. One of the MWNT samples was 
leached in hydrochloric acid to reduce the amount of iron catalyst from an as-produced 
concentration of about 5%, in order to determine its affect upon pore structure and accessibility. 
In a parallel series of experiments, the effect of the inclusion of carbon nanotubes in a pitch 
matrix precursor on the porosity of the active carbon derived from it was determined. A sample 
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of SWNT suspended in DMSO was dispersed in the pitch by intimately mixing the SUSpenSiOn 
With a solution of the pitch in a suitable solvent. A high power ultrasonic probe was used to 
e m r e  that the nanotubes were completely dispersed before the solvents were recovered by 
distillation. The pitch samples were then activated by heating in a steam atmosphere at 877OC to 
generate an active carbon. Characterization of the pore structures was carried out using an 
O m S O R B  610 instrument to obtain nitrogen adsorption isotherms at 77 K. The mesopore 
v o h e ,  surface area and pore size distribution were calculated using the BJH method (2). 

RESULTS 

porosity of Nanotubes 

Adsorption isotherms of SWNT and MWNT are compared in Fig. 1. The MWNT sample is 
-100% punty as determined by SEM. The adsorption isotherms for both samples are typical of 
mesoporous carbons, with the MWNT giving considerably higher nitrogen adsorption. The 
mesopore size distribution of the two samples is shown in Figure 2. The multiwalled sample 
clearly has a higher mesopore volume with an average pore size of -3.5 nm. This corresponds 
approximately to the diameter of the central core of the MWNTs as determined by transmission 
electron microscopy to be in the range of 3-7 nm, Figure 3. Elsewhere, it has been shown that the 
average pore diameter of MWNTs is 4-6 nm (3). The calculated mesopore volumes of M W N T s  
and SWNTs are shown in Table 1. The SWNT have a mesopore volume of 0.05 cc/g while that 
of the pure MWNT sample is about 0.45 cc/g. 

Table 1. Mesopore volume of different nanotube samples. 

Sample ID Purity Mesopore 

MWNT-A -95% 0.47 
MWNT-B -100%. leached 0.48 
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Figure 1. NI Adsorption isotherm of MWNT and SWNT 
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Figure 2. Pore size distribution of SWNT and MWNT 



Observations by TEM have shown that small iron particles are present at the ends of the tubes, a 
consequence of their catalyzing nanotube growth. They are also found intermittently along the 
core of the innermost tube and in this location may not be accessible by the hydrochloric leaching 
agent. The acid treatment removes approximately 50% of the iron catalyst and probably improves 
access to the core of the MWNTs by removing iron from the ends. Even though the total 
mesopore volume is not significantly enhanced, Table 1, it does seem to broaden the mesopore 
size distribution slightly. 

Figure 3. TEM micrograph of MWNT 

Addition of SWNTs to pitch to modify the pore structure of activated carbons 

A nitrogen adsorption isotherm of activated carbon derived from pitch powder is shown in Figure 
4 together with that of the pitch with 5% SWNT incorporated. The pure petroleum pitch based 
carbon has a very microporous structure, illustrated by the flat isotherm, whereas the pitch with 
SWNT incorporated has a mesoporous structure, shown by the higher adsorption of nitrogen at 
high partial pressure. This isotherm is typical of a mesoporous activated carbon. The inclusion of 
SWNT in the precursor pitch has generated a high mesopore volume in the product active carbon 
without impairing the retained microporosity. The pore size distribution of the pitch with and 
without nanotubes is shown in Figure 5. It is evident that the activated carbon has a very narrow 
pore structure while the carbon with SWNT has a broader pore structure with more porosity in 
the mesopore range (20-500A). 
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Figure 4. Nz adsorption isotherms of activated pitch and activated pitch with SWNT 

910 



0.0008 

0.0006 

n 

% 
0.0004 

0.0002 

0 
0 100 200 300 400 500 600 

Pore Diameter(A) 

act. pitch 

[ch ~ 1 5 %  SWNT 

Figure 5. Pore size distribution of activated pitch and activated pitch with SWNT 
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